Entry, descent and landing systems analysis of Mars exploration missions. by Allouis, E.
8077590
UNIVERSITY OF SURREY LIBRARY
All rights reserved
INFORMATION TO ALL USERS 
The qua lity  of this rep roduction  is d e p e n d e n t upon the qua lity  of the copy subm itted.
In the unlikely e ve n t that the au tho r did not send a c o m p le te  m anuscrip t 
and there are missing pages, these will be no ted . Also, if m ateria! had to be rem oved,
a n o te  will ind ica te  the de le tion .
Published by ProQuest LLC (2017). C opyrigh t of the Dissertation is held by the Author.
All rights reserved.
This work is protected aga inst unauthorized copying under Title 17, United States C ode
M icroform  Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 481 06 - 1346
Entry, Descent and Landing Systems 
Analysis of Mars Exploration Missions
E.Allouis
Submitted for the Degree o f 
Doctor o f Philosophy 
from the 
University o f  Surrey
Uni
Surrey Space Centre 
School o f  Electronics, and Physical Science 
University o f  Surrey 
Guildford, Surrey GU2 5XH, U K
A p r i l  2 0 0 6
©  E . A l lo u i s  2 0 0 6
Summary
P lanetary  e xp lo ra tio n  has a lw a y s been a v e ry  co m p le x  and r is k y  engineerin g problem . B u ild in g  
on the past successes, m ore m issio n s are cu rre n tly  b ein g  con sidered  and investigated fo r the near 
future. O ne o f  the cornerstones o f  a s u cce ssfu l lander-based plan etary m iss io n  is  the E n try, 
D escen t and L a n d in g  System  ( E D L S )  on w h ic h  this w o rk  concentrates. T h e  E n try , D e scen t and 
L a n d in g  sequence is introd uced  in  the bro ad er context o f  plan etary e xp lo ra tio n  and the v a rio u s 
system s in v o lv e d  in  d e live rin g  sa fe ly  a p a y lo a d  on the surface are presented. T h e  literature re vie w  
concentrates on a num ber o f  studies that em phasised the need to understand the w h o le  E D L  
sequence to help d esig n in g  better system s. It  also introduces the reader to the current state-of-the- 
art both in  term  o f  E D L S  tech n o lo g ies and d esig n  m ethods as w e ll as id e n tify in g  a need to d esign 
E D L  system s in  a m ore integrated and stream lined  m anner.
F ro m  the co n clu sio n s o f  the literature re vie w , the m a in  d riv e rs o f  the E D L S  are id en tified  and a 
new  integrated com putational fra m e w o rk, S P A D E S , is  develop ed  that p ro v id e s  a n a ly sis  and 
d esign o f  entry system s. C u rre n t and ne w  m ethods are b u ilt  into the fra m e w o rk  to size  a ll the 
m ain E D L  system s and p ro v id e  re a listic  sim ulated  scen ario  valid a te d  against past m issio n s data. 
F ro m  this poin t onw ard, ne w  m issio n  data is  generated in  the form  o f  the proposed 140 kg 
astro b io lo g y -fo cu sed  V a n g u a rd  M a rs  M is s io n , fo r w h ic h  both a parachute and an inflatable-b ased  
E D L S  is  produced. In  ad d ition, an E S A  m ars lan d er concept is investigated, fo cu sin g  on the 
s c a la b ility  o f  pow ered lan d in g  system s up to the scale  o f  the future M a rs  Sam ple R eturn ve h icle .
F in a lly ,  b u ild in g  on the case studies and ad d itio n a l m iss io n  scen arios, the in flu e n ce  o f  spatial and 
atm ospheric variab le s on the p e rform ance o f  E D L S  is  system atically  assessed to p ro vid e  planet- 
w id e  access m aps fo r s p e c ific  E D L  system s and characterise the im pact o f  lo w -d e n sity  
atm ospheric p ro file s  on a n u m ber o f  m iss io n  param eters.
K e y w o rd s: E D L S , E D L , p lan etary, e xp lo ra tio n , entry, descent, lan d ing, system s, parachute, 
in fla ta b le  structures, heatsh ield , ae roshell, penetrator, rover, p ro p u lsio n .
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C h apter 1. Introduction
Chapter 1
Introduction
1.2 Reaching New Frontiers
W ith  the current em phasis on p lan etary  m issio n s, the pace at w h ic h  m issio n s are designed is 
b eco m in g  m ore rapid. N e w  fro ntiers h a ve  been reached o n M a rs and V e n u s, and n o w  T ita n  w ith  
the su cce ssfu l C a ssin i-H u y g e n s. P la n e ta ry  e xp lo ra tio n  has a lw a ys been a v e ry  co m p le x  and r is k y  
eng ine e rin g  problem . B u ild in g  on the past successes, m ore m issio n s are cu rre n tly  b ein g  
co n sidered  and investigated  fo r the near future. M a rs, V e n u s, T ita n  or E u ro p a  are fascin ating  
d estinations b ut tough ch allenges lie  ahead both on the engineering and e co n o m ical aspects. 
Program s are b ein g  developed  on tighter sch e d u le s and budgets than in  the past, creating m ore 
pressure  on the engineers to d e liv e r  o n tim e and on budget.
O ne o f  the cornerstones o f  a s u cce ssfu l lan d er-b ased  planetary m iss io n  is  the E n tiy , D escent and 
L a n d in g  System  ( E D L S )  on w h ic h  this w o rk  w ill  concentrate. D e sp ite  the d evelopm ent o f  ne w  
technologies, the E D L  is s t ill r ig h tly  refe rred  to as the “ 6 m inutes fro m  H e ll ", a delicate operation 
w here the probe dissipates a huge am ount o f  energy to s lo w  d ow n from  sp ace h y p e rv e lo city  to a 
safe landing. Successes and fa ilu re s o f  past m iss io n s are o n ly  a rem ind er o f  the co m p le x ity  o f  
su ch  a task at the co n flu en ce  o f  m any expert areas.
1.3 Structure of the Thesis
T h e  fie ld  o f  entry, descent and la n d in g  ( E D L )  system s technologies b e in g  so focused, this thesis 
w il l  lead the reader through a nu m ber o f  chapters assu m in g little  or no  p rio r kno w led g e  about the 
fie ld.
C ha p te r 2 w il l  introduce the E D L  phase in  the context o f  p lan etary e xp lo ra tio n  as w e ll as 
d e scrib in g  the system s in v o lv e d  throughout the phases from  orb it to ground. T h e n , the literature
1
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re v ie w  w ill  d iscu ss a n u m ber o f  studies that investigated the E D L  phase and its system s as a 
w h o le , h ig h lig h tin g  the need to grasp the w h o le  sequence to im p ro ve  the d esig n  o f  the s p e c ific  
system s. In  the latter part o f  this chapter, a co m p ila tio n  o f  m iss io n  data w il l  em phasise the 
heritage transm itted from  one m iss io n  to the n e xt before d iscu ssin g  the state-of-the-art both in  
term  o f  E D L S  techn olo gies and system s e n g ineerin g methods.
B ase d  on the co n clu sio n s o f  C hap ter 2 , C ha p te r 3 w il l  d iscu ss the m ain d riv e rs  lin ke d  to the 
designs o f  the E D L  system s fro m  ae ro d yn am ics to therm al protection, and fro m  flig h t regim es to 
decelerato r ca p a b ilitie s. T h e n , the d evelopm ent o f  a n e w  com putational fra m e w o rk is  introduced, 
- S P A D E S , a So ftw are tool P ro v id in g  A n a ly s is  and D e sig n  o f  E n try  System s - that p ro vid e s 
a n a ly sis  and d esign o f  entry system s. Starting w ith  a presentation o f  the fra m e w o rk  architecture, 
the m odels and assum ptions constituting the d ifferen t m odules o f  this fra m e w o rk w ill  be 
presented, in c lu d in g  e xistin g  a n a ly tica l m odels and new  param etric exp re ssio n s based on past and 
cu rrent m issio n s data. A  d escrip tio n  o f  the features o f  the S P A D E S  environm en t w ill  then be 
g iv e n  from  m iss io n  d esig n  to the p o st-p ro cessin g  and an a ly sis  tools. F in a lly , this new  fra m e w o rk 
w il l  be valid a te d  against past m iss io n s to b u ild  co n fid en ce in  the sim ulated  outputs before 
generating new  m issio n  data.
T h e  Chapter 4  w il l  introduce the reader to a nu m b e r o f  case studies. T h e  first one is V an g u ard , a 
new  m iss io n  concept c o m p risin g  a lander, a ro v e r and 3 ground penetrating m oles. Starting w ith  
the developm ent o f  a lan d er and ro v e r concept, this m iss io n  w il l  be in vestigated  fro m  an E D L S  
perspective. T w o  system s based on either parachute and in fla ta b le  structures are designed and 
sim u lated  before b ein g an aly sed  and com pared  to each other. T h e  second case stu d y is based on 
the E S A  3501cg M a rs  D e m o L a n d e r and sets out to investigate the s c a la b ility  o f  the p ro p u lsio n  and 
con trol system  up to the p lan n e d  1900 k g  M a rs  S am ple R etu rn  m issio n .
B u ild in g  on the case studies o f  chapter 4, chapter 5 focuses on the effect o f  spatial and 
atm ospheric param eters on the d esig n  an d  pe rfo rm a n ce  o f  E D L S  system s. H ere, a penetrator 
m iss io n  and a sm a ll m iss io n  based on the V a n g u a rd  concept are put through their paces to 
u nderstand the im pact o f  the lo catio n  o f  the la n d in g  site as w e ll as the lo c a lise d  lo w  atm ospheric- 
den sity p ro file  on v a rio u s  m iss io n  param eters.
F in a lly , chapter 6 w il l  co n clu d e  this w o rk  b y  sele ctin g  a few  points w o rth  inve stig atin g  in  the 
future either to im p ro ve  the com putational fra m e w o rk but also to introd uce the reader to 
p o te n tia lly  interesting techn olo g ies that m ay  b en efit the fie ld  o f  E D L S  design. T h e  co n clu sio n  
w il l  then draw  this thesis to a clo se  w ith  a n u m ber o f  rem arks and o b servatio n on the ’w o rk  
undertaken.
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1.4 Aims of the Thesis and Novel Work Undertaken
D u e  to the nature o f  the fie ld , anyone w o rk in g  in  this area w il l  be standing on the sh ou ld er o f  
giants u s in g  the w ealth o f  w o rk  that has been done in  this research area. T h e  literature re v ie w  
show ed  that a great am ount o f  references co u ld  be found  in  m ost o f  the areas covered  b y  the 
d esig n  o f  E D L S . B u t a nu m b e r o f  p oin ts rem ain ed  u n fu lfille d  that can be d iv id e d  into 3 types o f  
ob jectives:
- A ca d e m ic  O b jective:
• N o n e  o f  the references fo u n d  has been able to p ro v id e  a com plete end-to-end p ictu re  o f  
the E D L  sequence c o m p ilin g  the n e ce ssary  methods to investigate the fe a s ib ility  o f  a 
m iss io n  concept fro m  o rb it d o w n  to g round  operations. T h is  docum ent therefore aim s at 
f illin g  this gap b y  le ad in g  the reader through the d esign o f  a com plete E D L  system  
in c lu d in g  the prep aration o f  su rface  operations.
- P ra ctica l O b jectives:
• T h e  literature re v ie w  has revealed  a num ber o f  lim ita tio n s in  the cu rrent d esign tools used 
fo r m iss io n  d esig n  and in  p a rticu la r fo r the E D L  phases. B u ild in g  on the kno w led g e  
co m p ile d  above, a n o v e l integrated com putatio nal fra m e w o rk  ca lle d  S P A D E S  has been 
d eveloped  in  the context o f  e a rly  m iss io n  developm ent to design, sim u late and an alyse the 
ca pa b ilitie s and perform ances o f  E D L  system s. T h is  fra m e w o rk  p ro v id e s  m iss io n  analysts 
and system  engineers features b eyo n d  the ca pa b ilitie s o f  current state-of-the-art 
engineerin g tools.
• T h e  current em phasis in  p lan etary  e xp lo ra tio n  is in  b ig  m issio n s. H ere, the V a n g u a rd  
M a rs  m iss io n  concept is  re fin e d  and prop osed  w ith  both a parachute and inflatable-based 
E D L S . It  p ro vid e s an id e a l p latfo rm  fo r an a stro b io lo g y -fo cu sed  m iss io n  and the 
dem onstration o f  a num ber o f  k e y  techn olo gies p r io r  to sen d in g  m ore co m p le x m issio n s. 
In  addition, the sc a la b ility  o f  p ow ered  la n d in g  system s is  investigated  fro m  a system s and 
con trol p erspective fo r a p la tfo rm  ran g in g  fro m  3 5 0  kg up to the 1900 k g  o f  the E u ro p ea n  
M a rs Sam ple R e tu rn  M is s io n  concept.
- Fundam ental O b je ctive:
• F in a lly , recent m issio n s to M a rs  h a ve  sh o w n  the sig n ifica n ce  o f  lo w -d e n sity  con d itio ns at 
the tim e o f  entry on the perfo rm ance  o f  the E D L S . H ere, the effect o f  the lo w -d e n sity  in
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lo c a lise d  hig h , m ed iu m  and lo w  altitude atm ospheric laye rs is  characterised  and its 
in flu e n ce  o f  the p erform ance o f  the E D L S  is  system atically  investigated. In  addition, a 
num ber o f  m ethods are p roposed  to h elp  forecastin g the im pact o f  lo w -d e n sity  co n d itio ns 
on a w id e  range o f  m iss io n  param eters.
T h is  w o rk  has lead to a n u m ber o f  p u b lica tio n s, ap p licatio n s and other m edia expo sure:
•  Conference publications:
A llo u is , E ., A . E lle r y , C .S . W e lc h  (2 0 0 3 a ). E n try, D escent and L a n d in g  System s fo r S m a ll 
P la n e ta ry  M iss io n s: Param etric C o m p a riso n  o f  Parachutes and In fla ta b le  System s F o r the 
P ro posed V a n g u a rd  M a rs  M is s io n . 5th IA A  In tern ation al C o n fe re n ce  on L o w -C o s t 
P la n e ta ry  M iss io n s, E S T E C , N o o rd w ijk , E S A .
Allouis, E., A. Ellery, C.S. Welch (2003b). Parachute and Inflatable Structures: Parametric 
Comparison of EDL Systems for the Pronosed Vanguard Mars Mission. IAF 2003,IAF03- 
q3b-04, Bremen, AIAA.
A llo u is , E ., A . E lle ry , M . S w eeting (2 0 0 5 ). P lane tary  E xp lo ratio n : S P A D E S  - A  N e w  Integrated 
E n try  System s D e sig n  T o o l. 56th In te rn atio n al A stro n a u tica l C o n fe re n c e ,IA C -0 5 -D  1.3, 
F u k u o k a , Japan, A IA A .
A llo u is , E ., A .E lle r y , M . Sw eeting (2 0 0 6 ). P la n e t-W id e  A cce ss: Im p a ct o f  Spatial and 
A tm o sp h e ric  V a r ia b ility  on the D e s ig n  o f  E n try, D escen t A n d  L a n d in g  System s. 5 7 th 
In tern ation al A stro n a u tica l C o n fere n ce , IA C -0 6 -A 3 .P .3 .1 2 , V a le n c ia , Spain, A IA A .
Patel, N ., A . E lle ry , E .A llo u is , L . R ic h te r  (2 0 0 4 ). R o v e r  M o b ility  P e rfo rm an ce  E v a lu a tio n  T o o l 
(R M P E T ): A  System atic T o o l fo r R o v e r  C h a ssis  E v a lu a tio n  v ia  A p p lic a tio n  o f  B e k k e r 
T h e o ry . 8th E S A  W o rk sh o p  on A d v a n c e d  Space T e c h n o lo g ie s fo r R o b o tics and 
A u to m a tio n ,E S T E C , N o o rd w ijk , E S A .
•  Journal Publications:
Allouis, E., A. Ellery, C.S. Welch(2005). Entry. Descent and Landing Systems for Small 
Planetary Missions: Parametric Comparison of Parachutes and Inflatable Systems For the 
Proposed Vanguard Mars Mission. Acta Astronautica, In Press
A llo u is , E ., D . V . J. L a p p a s (2 0 0 6 ). "G u id a n ce , N a v ig a tio n  and C o n tro l fo r M a rs  L a n d ers." In 
Preparation.
• Applications in ESA contracts
- “Aurora Chemical Propulsion - Descent Module GNC study”  E S A  C ontract. M a rs  Sam ple 
R etu rn  P o w ered  L a n d in g , p ro p u lsio n  system  and G N C  sc a la b ility  issu e s.(S e e  4 .3 )
- "Mars rover: Rover Chassis Evaluation Tool (RCET')" E S A  contract 1 8 1 9 1 /0 4 /N L /P M . 
E m b e d d in g  o f  the M a rs  T e rra in  G en erator in  the E S A  sim u la tio n  fram e w o rk. (See 3 .2 .4 .1 )
- “Bionics & Space Systems Design ” E S A  C o n tract (A O /l-4 4 6 9 /0 3 /N L /S fe ).  U s e  o f  the L a n d in g  
site terrain generation and a n a ly sis  fo r legged ro b o tic ve h icle s. (See 3 .2 .4 .1 )
•  Student Competition
P o ster selected fo r the “ S cien ce, E n g in e e rin g  and T e c h n o lo g y  fo r B rita in ”  2 0 0 4  C o m petition and
presentation o f  a poster su m m a risin g  the stud y at the H o u se  o f  C o m m o n s, Lo n d o n , U K , in
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D e ce m b e r 2004. T h e  poster entitled “ P la n e ta ry  E x p lo ra tio n : S P A D E S  - A  N e w  Integrated E n try  
System s D e s ig n  T o o l”  presented to M P s  the issu es in v o lv e d  in  d esig n in g  entry system s for 
p lan etary  e xplo ratio n. T h e  poster generated great interest from  a w id e  aud ience
• Media
B ritis h  Satellite N e w s: “A Space Machine For Mars”, T e le v is io n  B road cast -  22 M a y  2003
A  nu m ber o f  jo u rn a l papers are cu rre n tly  b ein g  drafted on a num ber o f  topics fro m  this thesis su ch  
as:
T arg etin g  o f  astro b io lo g y  sites and Im p act on E D L S
A n  update and p rogress on the V a n g u a rd  m issio n  and the m ech an ical and E D L S  
persp ective
A  su m m ary  and update o f  the n e w  fin d in g s o f  the p erform ance o f  in fla ta b le  
structures v e rsu s parachute system s fo r sm a ll V an g u ard -ty p e  o f  m issio n s
T h e  im p act o f  atm o sph eric effects (altitude, density, w in d s .. . )  o n the p e rfo n n an ce  
o f  the E D L S  system .
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Chapter 2
Background and Literature Review
B e fo re  d e lv in g  into further d etails, it is  n e ce ssary  to d efine and understand the m echanism s o f  
entry, descent and la n d in g  in  the context o f  p lan etary  explo ratio n. A fte r  a re v ie w  o f  the system s 
req u ire d  to d e liv e r a p ay lo a d  on another planet, w e  w il l  then focus on the e valu atio n  and d esig n  o f  
the E n try, D escen t and L a n d in g  System  ( E D L S )  as a w h o le  as w e ll as intro d u cin g  the heritage and 
current state-of-the art o f  E D L  system s. F in a lly ,  the current d esign p ro ce ss o f  E D L  system s w ill  
be investigated, putting the current stud y in  p e rsp ective  to dem onstrate its p u ip o se  and n o ve lty  
that w il l  b en efit the fie ld  o f  E D L  R esearch.
2.1 Preliminary Definitions
2.1.1 Mission Systems
L a n d in g  a p a y lo a d  on a p lan et in v o lv e s  num erous system s, ve h ic le s  or part o f  them su ch  as 
spacecraft, probe, lan d er o r payload. F o r  con sisten cy, it is n e cessary  to d efin e  each o f  them and 
their relatio nships. T h e  spacecraft, orb ite r or cru ise  stage w ill  be defin ed  as the bus that p ro v id e s 
the interplanetary tra ve l o f  the p rob e and d e live rs  it to the planet. T h e  prob e com prises the E D L S  
and the surface package o r lander. T h is  su rface  p ackage consists in  it s e lf  o f  the sc ie n tific  p ay lo a d  
and a ll the system s su ppo rting su rface  activ itie s, s u rv iv a l and co m m un icatio n s. F ro m  an E D L  
p ersp ective, the lan d er can also  be co n sid e red  as the p ay lo a d  to d e live r fro m  o rb it to the ground.
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Spacecraft/ Bus/ O rb iter 
E D L Systems
Surface Package / Lander / Payload
EDL Systems
Probe
Figure 1: System s Definitions
2.1.2 The EDL Phase
T h e  E n try, Decent and L a n d in g  ( E D L )  phase w ill  be defined as starting w hen the probe separates 
from  the orbiter o r cru ise  stage and is left to its ow n device. T h e  E D L  can be ro u g h ly  d efin ed  in 3 
phases as hinted b y its name and w ill  be d iscu ssed  further in the fo llo w in g  sections.
• E n try  phase: C o m p rise s the exo -atm o sph eric flight from  the separation o f  the 
probe from  the bus and coast tow ard the atm ospheric interface, and the entry 
its e lf  w hen the v e h ic le  enters the atm osphere.
• D escent phase: T h e  probe descent through the atm osphere and b rakes further.
• L a n d in g  /  Penetration phase: T o u ch d o w n , and depending on the m issio n , surface 
lan d in g  o r ground penetration.
2.2 The Entry, Descent and Landing Phases and Systems
T h e  entry descent and lan d in g  phase is d ifferen t from  any o f  the p re vio u s and future phases o f  a 
typ ica l planetary m ission . In  a v e ry  short tim e, and p o ssib ly  after m onths o r years o f  
interplanetary cru ise , the probe is subjected to a severe environm ent. T h is  phase, despite the 
developm ent o f  new  techn olo gies is s till referred to as the “ 6 m inutes from  H e ll” , a delicate 
operation w here no thing can be taken fo r granted. C o rnerstone o f  a su cce ssfu l planetary m issio n , 
the ro le  o f  the E n try /D e sce n t/L a n d in g  System  ( E D L S )  is  to ensure the s u rv iv a b ility  o f  the payload  
from  orbit to ground against a num ber o f  harsh environm ental and m ech anical loads. T h is  is  
ach ieve d  through the use o f  a num ber o f  dedicated subsystem s operating d u rin g  the 3 phases o f  
the E D L , a ll in flu e n ce d  b y s p e c ific  m issio n  le vel d esign drivers.
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U po n a rriv a l at a planet, the spacecraft is  tra ve llin g  at high ve lo cities. F o r M a rs, this lie s betw een 
4 and 7  k ilom etres per second (k m /s) w hether the probe reaches the atm osphere from  an out-of- 
orbit trajectory (4 .6  km /s for V ik in g )  or a d irect interplanetary entry w ith a retrograde approach to 
the planet (7 .5  km /s for M a rs Pathfin der). L a n d in g  a payload  sa fe ly  m eans that 100 percent o f  the 
spacecraft k in e tic  energy m ust be dissipated. F o r  each o f  the phases o f  the E D L , sp e cific  system s 
have been designed to s p e c if ic a lly  absorb o r d issipate this energy and ensure s u rv iv a b ility  o f  the 
payload. T he fo llo w in g  F ig u re  2 illu strates the d ifferen t phases o f  two ty p ica l E D L  sequences 
based on both a co n ven tio nal parachute-based system  (rig h t) and a n o vel concept based on 
inflatable  structures (le ft).
Figure 2 - EDL Sequence and system s overview : C onventional parachute-based (left) and novel
inflatable system  (left).
F o r any p a rticu la r m issio n , a num ber o f  E D L S  options m ay be ava ilab le . F o llo w in g  the m issio n  
requirem ents, a num ber o f  m etrics such as m ass, cost or T e c h n o lo g y  R eadin ess L e v e l ( T R L )  can 
be used to select one o r m ore options. T h e  fo llo w in g  F ig u re  3 from  [A llo u is , E lle ry  et al. 2 003b ] 
details the m ain tra d e -o ff a v a ila b le  fo r the d esign o f  a near future m issio n .
Figure 3: T rade-tree o f  a typical Entry, D escent and Landing system  show ing a conventional (left) 
and novel (right) EDLS concepts [Allouis, Ellery et al. 2003b]
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T h e  two m ain b ranches part at the top w here a co n ven tio n al route w ith  hard ae ro sh ell and 
parachute system  is d raw n against a b ra n ch  based on the n o ve l in fla ta b le  structure concept. T h e  
entry is  based on an aeroshell system  sh ie ld in g  the probe d u rin g  the entry phase. A e ro d y n a m ic 
decelerators such as parachute, in fla ta b le  structures are used to slo w  the prob e further before 
in itia tin g  the term inal descent and la n d in g  phase w here a lan d ing system  cush io n s the im pact.
2.2.1 Entry systems
2.2.1.1 Aeroshell
T h e  aeroshell is the pro te ctive  c o v e r that sh ie ld s the p a y lo a d  d u rin g  the entry into the atm osphere. 
F o r  ty p ica l m issio n s it is  u s u a lly  com posed  o f  at least two parts, the fro nt heatshield  and the 
b a ck sh e ll. F ro m  one m iss io n  to the next, the aeroshell m ay present s im ila ritie s  o r d iffe r 
com p letely. T h e  ch o ice  o f  the fo reb o d y geom etry req u ire s a tra d e -o ff on drag, sta b ility  and 
p ack a g in g . T h e  fo llo w in g  F ig u re  4 to F ig u re  7  illu strate  som e o f  the co n fig u ra tio n s o f  past 
m issio n s.
Figure 4: V iking 70 deg  
A eroshell 
[K irk, Intrieri et al. 1978]
Figure 5: M ars 
P athfinder (M PF) 70 
deg A eroshell 
[Spencer, B lanchard et 
al. 1999]
Figure 6: H uygens 60 
deg A eroshell 
[Braun 2005]
Figure 7: Deep Space  
2 (DS2) P enetrator 45 
deg A eroshell 
[Smelcar, E. et al. 
1999]
It  is o f  interest to note that in  m ost p lan etary  m issio n s, o n ly  3 heatshield  co n fig u ra tio n s have been 
used: the 4 5, 60 and 7 0  degrees h a lf-a n g le  cones. R e u s in g  one o f  these co n fig u ra tio n s m eans that 
the data generated fo r past m issio n s ca n  be e xte n siv e ly  reused to pred ict the b e h a vio u r o f  the new  
ve h icle . B u t there are also  co n flic t in g  m e ch an ical and d yn am ics co n sid e ratio n s that need to be 
addressed to choose the rig h t co n fig u ra tio n  to f u lf il  the m iss io n  requirem ents as show n in  T a b le  1.
Figure 8 -  A eroshell N om enclature
T able 1 - A eroshell Design Features and Im pact on the V ehicle
Design feature Im pact C om m ents
D rag B lu n te r cones generate m ore drag pe r surface area
S ta b ility S harper cones e x h ib it  be tte r s ta b ility  cha rac te ris tics
C one  A n g le
A n g le  o f  a ttack
T h e  sharper the be tte r to  l im it  angles o f  a ttack e ffec ts : co n in g  
m o tio n s  d u r in g  en try  and ea rly  descent
Heat ra te N o  e ffec ts
D rag Has l i t t le  e ffe c t on drag
N ose B lun tness S ta b il ity B lu n te r nose decreases sta tic  s ta b ility
Heat Rate
B lu n te r nose reduces the heat ra te at the  s tagna tion  p o in t 
(th e  p o in t at w h ic h  the  f lo w  stops on the  hea tsh ie ld ).
D rag B lu n t shou lde rs  decrease the drag  o f  the  c o n fig u ra tio n
S h o u ld e r R adius S ta b il ity B lu n t shou lders  decrease the o v e ra ll s ta b ility
Heat Rate B lu n t shou lders  decrease the loca l heat rate
A fte rb o d y /
V a rio u s
S e lec tion  based on superson ic /subson ic  f lo w  ana lys is  w ith  regard
backshe ll to  d yn a m ic  s ta b ility  and o th e r m iss io n  re qu ire m en ts
Note: Both the nose and the cone generate separate bluntness characteristics driven by the nose radius and the cone 
angle respectively.
A s  an illu stratio n  o f  the table above, the d esign d riv e rs  for the co n fig u ra tio n  o f  M a rs Pathfinder 
(M P F )  are d iscu ssed  b y  W illc o c k s o n  and S p encer [Spencer, B la n ch a rd  et al. 1999; W illc o c k s o n
1999], In  these references, they point out that the high drag co n fig u ra tio n  as w e ll as the flight- 
p ro ven V ik in g  shape w ere d e cisiv e  attributes. F o r  the Deep Space 2 Probes (D S 2 ), B raun [B rau n , 
M ich e ltree  et al. 1999] d escrib es how  the probe needed to im pact the ground at h igh speed w ith  a 
sm all angle o f  attack to ensure good s o il penetration. T o  this end the co n fig u ra tio n  chosen fo r this 
m iss io n  e xh ib its  a good fo rw ard  sta b ility  and a lo w  drag insp ired  from  both the G a lile o  and 
Pio neer V e n u s m issio n s. A n  added d iff ic u lty  fo r the m issio n  w as the p o ssib le  b ackw ard  facin g  or 
tum b ling m otion o f  the probe d u rin g  entry. T o  counteract this effect, a h e m isp h e rical afterbody 
has been cho sen to prod uce a n a tu ra lly  unstable co n fig u ra tio n  w hen tra ve llin g  b ackw ard s 
[M ich e ltre e , A . et al. 1999], T h e  M P F  co n fig u ra tio n  - w h ich  geom etry is  also  stable b ack w ard  - 
w as spun d u rin g  orbiter separation to p ro vid e  g y ro sco p ic  stiffness d u rin g  entry and av o id  such 
tum b ling m otions.
But the aeroshell in its e lf  is  not enough to protect the probe. A  therm al protection system  is 
required  to protect the ae roshell, structures and p aylo ad  from  v a p o ris in g  under the extrem e heat o f  
the entry.
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2.2.1.2 Thermal Protection System
In  ord er to m eet the m iss io n  o b jective s and the d esign criteria, a T h e rm a l Protection System  
(T P S ) is  essential to keep the e x c e ssiv e  heat fro m  dam aging the v e h ic le  o r its content. In  the 
context o f  p lan etary entry, heat can be dissipated  b y  seve ral methods:
•  Heat sinks: A  h ig h  therm al c o n d u c tiv ity  m aterial absorbs the heat and d istributes it 
q u ic k ly  and u n ifo rm ly  aw a y fro m  the part o f  the v e h ic le  to protect [C le la n d  and Iannetti 
1989].
•  Active cooling: A  flu id  su ch  as a liq u id  or a gas is  used as a heat s in k  and distributed to 
hot sections v ia  a co o lin g  loop. P roposed  co o lin g  flu id s  in c lu d e  liq u id  m etals su ch  as 
sod iu m  o r potassium  as w e ll as gaseous hyd ro g e n [C o le m an, D a n sb y  et al. 1990].
•  Transpiration cooling: It  in v o lv e s  the ejection o f  a f lu id  or gas through a p orou s s k in  
into a b o u nd ary la y e r betw een the heat f lu x  and the surface, thus re d u cin g  the adiabatic 
w a ll tem perature o r the surface [H u rw ic z  and PI 1965; M o u n tva la , N a kam u ra et al. 1965].
• R adiation cooling: M u c h  o f  the heat is  reflected  b a ck  b y  a h ig h  e m is s iv ity  coating on the 
protected structure [H a v ila n d  and M e d fo rd  19 6 7].
• Ablation: A b la tio n  is  a v e ry  e ffe ctive  m ech anism  to m in im ise  the total energ y the v e h ic le  
absorbs. A b la tiv e  co o lin g  is  takin g  p lace  w hen the heat f lu x  changes the state o f  the T P S  
m aterial either b y  m elting, su b lim atio n , o r therm al degradation. T h e  heat is  therefore 
dissip ated  in  a m aterial phase change rather than b ein g conducted to the structure o f  the 
v e h ic le  [R e in ik k a  and S a rtell 19 6 5; B artlett, N ic o le t et al. 1 9 71 ].
U n fo rtu n a te ly, a ll these heat d issip a tio n  m ethods m ay  not be ap p lica b le  fo r e very  atm ospheric 
entry p rob lem  and m a y  o n ly  be a p p lica b le  fo r lo c a lise d  heat d issipatio n. In  the context o f  
atm ospheric entry, ab latio n is  p red o m in a n tly  used  fo r m ost no n-reusab le  m issio n s: it is  a p a ssive  
system , has a reasonable m ass/perfo rm an ce ratio and the m anufacturing  and operation processes 
are w e ll understood.
A  subset o f  ablators ca lle d  ch a rrin g  ablators form  a ch a r la y e r w h ic h  acts as an in su la to r w h ile  the 
v ir g in  m aterial underneath con tinues to decom pose and outgas. T h e  gaseous p rod uct from  
d eco m po sition perco lates through the char to e ffe ctiv e ly  transpiration co o l the surface. T h e  char 
helps b lo c k  co n ve ctio n  heating and w ill  su b lim e  in  h ig h  heat f lu x  environm ent. In  essence, these 
types o f  ablators p ro v id e  m u ltip le  laye rs o f  protection.
A b la tiv e  m aterials can be c la ss ifie d  further depending on their ab latio n tem perature as describ ed  
b y  [G u thrie, Battat et al. 2 000]:
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• Low temperature: M a te ria ls  that ablate e a sily  are v e ry  e ffe ctive  in  re m o vin g  the heat. 
T h e se  ablators tend to p ro d uce  h ig h  drag co e fficie n ts and w ill  s lo w  the v e h ic le  
d ra m a tica lly . E a rly  e xam p les o f  lo w  tem perature ablators in c lu d e  co rk , T e flo n , L u cite , 
fib re g lass, N y lo n  and urethane. R ece n t exam ples in c lu d e  m aterials su ch  as c o rk -p h e n o lic  
used fo r the E S A  A tm o sp h e ric  R ee n try  D em onstrator ( A R D )  V e h ic le . A lte rn a tiv e ly , 
M a rs  P a th fin d e r used a heatsh ield  co ve red  b y  a p h e n o lic  h on eyco m b  fille d  w ith  co rk , 
s ilic a  bead and e p o x y  in  a m ix  ca lle d  S L A -5 6 1 .
• Medium or intermediate temperature: T h e se  are m a in ly  based on ca rb o n /p h e n o lic  and 
q u artz/p h e n o lic  com b inatio ns.
• High temperature: B a se d  on ca rb o n /carb o n  m aterials, these ablators w il l  ablate v e iy  
s lo w ly . A lth o u g h  they absorb a lot o f  energy w h e n  they ablate, this ben efit is  offset b y  the 
ad d itio n a l in su la tio n  re q u ire d  to protect the p aylo a d  in sid e  the v e h icle . S im ila rly , they 
have the c a p a b ility  to retain  their shape in  extrem e environm ents, but p ro v id e  lim ite d  
b ra kin g  to the v e h ic le . H en ce , they m ay be used fo r faster and slen d e r v e h ic le s  su ch  as in  
m iss ile  applications.
C u rre n tly , lo w  tem perature ablators h ave been used e x te n siv e ly  fo r p lan etary  e xp lo ratio n, but 
ch o o sin g  the right ab la tive  m aterial is  s t il l  a tra d e -o ff between v e h ic le  shape and size, m axim u m  
tem perature, heat f lu x  and d yn a m ic p ressure as w e ll as operational con strain ts su ch  as req u ired  
ac cu ra c y  and speed. A d d it io n a l co n sid e ratio n s in c lu d e  the ne ce ssity  o f  ke ep in g  the p h y sic a l 
in te g rity  and ae rod yn am ic p roperties o f  the v e h ic le  w h ile  the T P S  is  ab latin g  to a v o id  any m ajo r 
changes in  the L /D  ratio o r unw anted im b a lan ce  in  the ab latio n process.
2.2.2 Descent Systems
A lth o u g h  the descent phase m ay appear m ore b en ig n  com pared to the entry, it is  nevertheless 
sp re ad ing  o ve r a num ber o f  flig h t regim es that im p act d ire ctly  the d esig n  o r the operation o f  the 
descent system . T h e  descent presents a nu m ber o f  ch allenges in  itself. A s  rem ind e d  b y  the recent 
loss o f  B e ag le 2 , the atm osphere in  w h ic h  the v e h ic le  decelerates has to be th o rou ghly  understood 
and its p o ssib le  variatio n s q uantified. O n ly  then ca n  suitable d ev ice s be designed  to s lo w  the 
p rob e d ow n to the req u ire d  v e lo city .
2.2.2.1 Parachutes
Parachutes are the p rim a ry  system s used fo r ae rod yn am ic deceleration. T h e y  benefit fro m  a strong 
heritage o f  E a rth  and plan etary  ap p licatio n s on M a rs, V e n u s or T ita n . A  parachute system  is 
com posed o f  the parachute it s e lf  and a d eplo ym ent system .
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C hapter 2. Background  a nd L itera ture R eview
Parachutes v a ry  in term o f  sta b ility , o p enin g b ehaviou r, v e lo c ity  ca p a b ility  and other 
perform ances ch aracteristic as d iscu ssed  b y K n a c k e  [K n a ck e  1992]. A  typ ica l parachute 
co n fig u ra tio n  is com posed o f  a ca n o p y generating the m ain drag, a num ber o f  suspension lin es to 
transfer the loads to a co n flu e n ce  point, and a b rid le  to transfer these loads to the ve h icle . 
D e pen d ing on the ap p licatio n  for the parachute, a num ber o f  canopy geom etries are a v a ila b le  such 
as cro ss, co n ica l, or an nular, but to date, o n ly  the D is k -G a p -B a n d  (D G B ),  R in g s a il and co n ica l 
ribb on parachutes as show n in the fo llo w in g  F ig u re  9 to F ig u re  11 have been used fo r planetary 
explo ratio n. D G B  parachutes have been used s u c c e s s fu lly  on M a rs  M iss io n s  b y V ik in g  
[H o lm b e rg , N .A . et al. 1980], and subsequ ently  scale d  for M P F  [Spencer, B la n ch a rd  et al. 1999] 
and the M E R s  [W itk o w s k i and B ru n o  2 0 0 3]. T h is  p articu la r parachute p ro v id e s a good drag and 
sta b ility  that can be op tim ised  b y a tra d e -o ff between the size  o f  the band and the gap o f  the chute. 
T y p ic a l drag co e ffic ie n ts are around 0.5. T h e  R in g s a il co n fig u ra tio n  e xh ib its  better drag than 
D G B , and has been used fo r a num ber o f  Earth and planetary m issio n s su ch as the A p o llo , 
M e rc u ry  and G e m in i program s as w e ll as the B eagle2 m ission . F ie ld  tests show ed that this 
co n fig u ra tio n  w as capable o f  a c h ie v in g  drag co e ffic ie n ts in the order o f  0 .7 5 -0 .8  fo r M a rs landing.
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Figure 9 -  R ingslot Parachute  
G eon ietry |E w ing , Bixbv et al. 
1978]
Figure 10 -  R ingsail Parachute  
G eom etry [Ewing, Bixby et al. 
1978]
Figure 11 -  D isk-G ap-B and  
Parachute G eom etry [Ewing, 
Bixby et al. 1978]
Parachutes can be used in a num ber o f  w a y s in a typ ica l E D L  sequence as a drogue o r m ain 
parachute. T h e  drogue parachute is a sm a ll parachute deplo yed  at high speed that initiates the 
separation o f  the front and b a ck sh e ll an d/o r the deploym ent o f  a m ain parachute. T he m ain 
parachute in turn w ill p ro v id e  the necessary deceleratio n to land the probe safe ly. F o r m ost o f  the
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planetary m issio n s, the deploym ent system  fo r the drogue parachutes is  a m ortar, a d e vice  
operating lik e  a canon fir in g  a shell. B ased on e x p lo siv e  cartridges, it ejects the parachute stowed 
in  a deploym ent bag aw ay from  the supe rso n ic v e h ic le  into clean a irflo w  even i f  the v e h ic le  is 
into a sp in n in g  or tum b ling  m otion. T he m ain disadvantage o f  a m ortar deploym ent is the large 
m ortar reaction force not d is s im ila r  to a thrust im p u lse  along its flig h t path.
2.2.2.2 Inflatable structures
In  the 1960s, the G o o d y e ar C o m p a n y  and N A S A  L a n g le y  [B ohon, S a w ye r et al. 19 74 ] proposed 
a decelerator based on inflatable  techn olo gies ca lled  ballute. C ro ss  betw een a b allo o n  and 
parachute, these d evice s w ere designed to self-in tlate  d u rin g the descent at m odest hyp erso n ic 
speeds after peak heating and deceleration [B o hon , M ise re n tin o  et al. 19 70] and designed in it ia lly  
to assist the V ik in g  landers to decelerate d u rin g  M a rs  Entry. But the prototypes as show n in 
F ig u re  13 w ere heavy and inflated  at re la tiv e ly  lo w  speed and hig h p ressure [M c R o n a ld  1999],
In  the past 5 to 10 years how ever, a regain  o f  interest has been seen on both sid es o f  the A tla n tic  
on inflatable  structures. T h e  B a b a k in  R esearch C entre in R u ssia  ( B R C )  proposed a new  design 
that sh o u ld  have been dem onstrated on the ill-fa te d  M a rs '96 lander. M o re  recently new  
d evelopm ents on the IR D T  (In fla ta b le  R e-entry  and D escent T e c h n o lo g y ) [M arraffa, K a s s in g  et 
al. 2000], IR D T 2  and IR D T  2 R  m issio n s from  B R C  and A striu m  G m b H  have resurrected the
Figure 12 -  M ars Pathfinder Parachute M ortar [N A SA -JPL 2001]
Rlc-
Figure 13: Early Ballute C oncept (Bohon, Saw yer et al. 1974]
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concept and although the first test m issio n s failed , due to laun cher stage re-contact, they p ro vid ed  
som e e n co u rag in g  p re lim in a ry  results as d iscusse d  b y W ild e  and W a lth e r [D .W ild e , W alth e r et al.
2 000]. C u rre n tly , N A S A  and its partners are in ve stig a tin g  the H yp e rco n e  concept [B ro w n , E p p  et 
al. 2 0 0 3 ] and have started the IR V E  (In fla ta b le  R e-entry V e h ic le  E x p e rim e n t) program  as 
d escrib ed  b y H ughes [H u g h e s, D illm a n  et al. 2 0 0 5 ] . But it is lik e ly  that m ore w ill  be investigated 
to further o ur understanding o f  these system s fo r atm ospheric entry.
T o d a y , a num ber o f  concepts have been proposed w ith  attached and detached inflatable  
co n fig u ra tio n s either as a toroidal tra ilin g  ballu te as decrib ed  in [R asheed, F u jii  et al. 2 0 0 1 ] o r as 
an attached in fla ta b le  cone as in  the fo llo w in g  F ig u re  14. O rig in a lly  co n ce ive d  fo r the descent 
phase to replace the parachute system , these new  concepts can be designed  to be used d u rin g  entry 
as w e ll. B y  in cre asin g  the drag area, the b a llis tic  co e ffic ie n t o f  the v e h ic le  can be d ra m a tica lly  
reduced, d ecreasing su bsequ ently  the m axim u m  heat and deceleration loads d u rin g  entry.
IRDT Demonstrator deployed
tOU AiAtboii+l Fatt.\
Figure 14: IRDT C onfiguration  Deployed (M arraffa, K assing et al. 2000]
T h e  T h e rm al Protection System  (T P S ) can therefore be designed lig h ter and som e heat resistant 
fab rics can be used in  p lace o f  a heavy T P S . F u rth er d ow n the inflatable  structure m ay replace the 
parachute system  as w e ll b y  d ep lo y in g  another stage. C o m m on system s su ch as tanks o r gas 
generator, p ip in g  and v a lv e s  w o u ld  then be shared betw een the entry and descent phases, lead ing  
to a substantial m ass sa v in g  as illu strated  b y the trade-tree in F ig u re  3.
2.2.3 The Landing Phases
A s  d iscu ssed  b y R iv in e lli  [R iv in e lli  and T . 2 004 ], thanks to the entry phase, 99 %  o f  the total 
entry energy has been d issipated. T h e  descent phase w ill  then d issip ate som e 0 .9 8 %  o f  the 
rem ain ing  percent o f  k in e tic  energy through ae rod yn am ic d eceleration, le a v in g  som e 0 .02%  o f  the 
in itia l energy to deal w ith. L a n d in g  system s are characterised b y  the am ount o f  energy they can
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absorb, they can therefore be c la ss ifie d  into few  categories that relate to the deceleratio n loads the 
lander w ill  be subjected to at touch dow n. In  a param etric study, G u y  [G u y  1969] defines these as 
in T a b le  2.
T able 2 -  D eceleration loads
Landing category Deceleration loads
Soft g < 50
Semi-hard /Medium 50 < g <  1000
Hard/Rough 1000 < g
T here are a num ber o f  lan d in g  system  strategies a v a ila b le  to m iss io n  designers as presented in 
F ig u re  15. T hese w ill  be chosen to m in im ise  the g loading to suitable  le ve ls  to ensure the 
s u rv iv a b ility  o f  the payload.
Figure 15- L anding and im pact alleviation strategies
2.2.3.1 Hard/Rough Landers
H ard landers are the sim plest form  o f  landers. T h e  im pact attenuation system  is u su a lly  based on 
m aterials o r structures that absorbs o r d issipate the im pact energy b y p la stic  deform ation. Such 
structures can take the form  o f  honeycom b, foam  o r an y other structural com ponent that can 
a llevia te  the im pact loads b y  d eform ation lik e  an em pty fuel tank. In  the fram e o f  planetary 
e xp lo ratio n, m aterials such as a lu m in iu m  hon eyco m b  and foam , polyurethane foam s, and balsa 
w ood have good energy absorption properties as studied by L e v in e  [L e v in e , E llis  et al. 1965] or 
C lo u tie r  [C lo u tie r 1966]. T h e  fo llo w in g  F ig u re  16 and F ig u re  17 sh o w  ty p ica l a lu m in iu m
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honeycom b structures as w e ll as a concept o f  p a ssiv e  Earth entry v e h ic le  u sin g  a polyurethane 
foam  im pact shell.
Figure 16 -  A lum inium  honeycom b and foam  tested  for shock absorption [D oengi, Burnage et al.
1998]
Containment
Vessel. C V
Foam-filled Cell
Outer Shell 
(Deformable)
Figure 17 -  Hard L ander C oncept for a passive Farth Entry V ehicle (EEV ) [K ellas 2002)
2.2.3.2 Semi-Hard Landers
Sem i-hard  landers have been used on num erous o ccasio n s for sc ie n tific  p ay lo a d  that co u ld  not 
su rv iv e  hard landing. T h e  M a rs  P athfin der and the recent M ars E x p lo ra tio n  R o v e rs fit in  this 
category. S everal system s have been desig ned  in this category to p ro vid e  even better im pact 
attenuation. These re ly  on several p rin c ip le s  sum m arised  in the first and second branches o f  
F ig u re  15: tem porary red uction o f  ve rtica l v e lo c ity  and d issip atio n o f  im pact energy. R etrorockets 
can be used before im pact to reduce o r n u ll the v e lo city  vecto r above ground before the final 
im pact o f  the lander. M P F  and M E R s  used what is now  ca lled  the R ocket A ssiste d  Descent 
system  ( R A D )  and a T ra n sv e rse  Im p u lse  R o cke t System  (T IR S ).  These system s are used som e 10 
to 15 m above the ground to reduce o r ca n ce l the ve rtical v e lo citie s ( R A D )  and the transverse 
ve lo citie s  (T IR S ) .  T he lander is then cut aw ay from  the o ve r-slu n g  rockets and free fa lls  for the
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rem ain in g  distance. T h is  techn olo gy therefore reduces the im pact loads on the lander and 
subsequently the m ass o f  the im pact system .
F o r the im pact itself, m ost o f  the system s are based on a sp rin g -d am p e r sh o ck iso la to r or 
flu id /g a s -fille d  dam pers as illu strated  by M P F  and M E R  airbags system s. D epen d ing  on the 
design, these system s can absorb the im pact in v a rio u s  w ay s as show n T a b le  3 and in the study by 
M c G e h e e  [M cG e h ee , H ath aw ay et al. 1969]:
T able 3- A irbag system s and properties
M e th o d M o d u s  O p e ran d i A dvan tage D isadvantage
U n com partm en ted
F r ic t io n  at each 
rebound
S im p le
M u lt ip le  rebounds and 
im pac ts  on the  system
C o m p artm en te d
E nergy  d iss ip a tio n  
th ro u g h  in te rn a l gas 
f lo w
M o re  energy is 
d iss ipa ted  pe r rebound, 
less rebounds
M u lt ip le  rebounds and 
im pa c ts  on the  system
V en te d  /  D ead-beat
K in e tic  energy is 
d iss ipa ted  by  bag 
b lo w o u t
N o  rebounds
W e ll tested fo r  E arth 
a p p lic a tio n , c u rre n tly  
be in g  inves tig a ted  fo r  
M ars
T hese airb ag system s can take v a rio u s  shapes and form s that p ro vid e  om ni or u n id irectio n al 
protection: from  the b ea ch -b all type o f  airb ags designed fo r B eag le2, a torus option co n ce ived  for 
the ca n ce lled  M a rsN et m issio n  or the tetrahedral M P F /M E R  design m ore a k in  to a raspberry.
Figure 18- Beagle2 A irbag system  Figure 19 -  M arsN et A irbag Figure 20- M ars Pathfinder
D eploym ent o f  the Spherical C oncept [D oengi, Burnage et al. A irbag system  [w w w .ilcdover.com |
A irbag in 3 Parts after Im pact 1998]
|E S A |
D espite addressing som e o f  the ch a lle n g es o f  lan d in g  a p ayload  safe ly, airb ags system s have 
introduced new  ones sh o w in g  that they share com m on lim itatio ns: lateral v e lo c ity  and range o f  
p aylo ad  m asses. Both p roved  to be extrem ely  ch a lle n g in g  for both M P F  and later the M E R s  due 
to d esign and sc a la b ility  issues. T h e  M E R  d esig n team h ow ever recko ns that they have reached
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the lim it o f  a p p lic a b ility  fo r su ch system  and rea lise s that any he avie r system  w ill  need to re ly  on 
a p ro p u lsio n  system  fo r the landing.
2.2.3.3 Soft landers
Soft landers p ro vid e  the softest o f  lan d in g  b y  co n tro llin g  the v e lo city  o f  the lander d u rin g  the 
term inal descent and the landing. B oth m anned and unm anned m issio n s have used this technique 
on the M o o n  (A p o llo )  and M a rs  (V ik in g  m iss io n s) and are cu rre n tly  b ein g  used on a num ber o f  
new  m issio n s such as P h o en ix and planned for the future M a rs Sam ple R etu rn m ission s. T hese 
landers tend to term inate the descent at a constant v e lo city  in  the order o f  2.5 m /s [M o rrise y  
1989], T o  rem ove the rem ain in g  k in e tic  energy o f  the im pact a set o f  legs are necessary w ith 
b u ilt-in  cru shable  structures that cu sh io n  the landing.
Figure 21 -  Illustration o f  the V iking L anding Figure 22- Illustration o f  the Phoenix
using 3 throttleab le thrusters [NASA] Landing using 3 clusters o f  pulse-m odulated
thrusters. [NASA]
T h e  M a rs  S cien ce  Lab o rato ry ( M S L )  m issio n  also  uses a p ro p u lsio n  system  fo r the lan d ing  but 
w ith  a n o vel tw ist to it b y  u sin g  a concept ca lle d  the “ S k y -cran e  L a n d in g  System ”  o r S L S . W ith  
this system  a payload, here a rover, is reeled d ow n to the surface b y a h o ve rin g  platform . W h ile  
this im poses som e strict constraints on the con trol, it should  p ro vid e  a v e ry  soft lan d ing fo r a 
reasonable m ass.
; f f t
Rcfcur Dnnal TniMwiV* - I t  m i
Figure 23 -M a rs Science L aboratory Skv-C rane C oncept T im eline
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2.2.3.4 Penetrators
A lth o u g h  related to the hard landers, penetrators are a cla ss o f  landers on their ow n designed to 
use the k in e tic  energy o f  the lander to penetrate the surface o f  the target body. T hese types o f  
m iss io n s  are ty p ic a lly  used to probe und erground  for g e o lo g ic, ch e m ica l o r seism ic  
e xperim entations and have been used o r designed  to im pact several bod ies o f  the so lar system  
su ch as the M o o n  (L u n a r-A ), M a rs (M a rs9 6 , D eep Space 2 M icro p ro b e s) o r a C o m et (R osetta). 
A s  d escrib ed  by D o en g i [D o e n g i, B u m a g e  et al. 1998], sc ie n tific  instrum ents installed  on or 
w ith in  these penetrators m ust s u rv iv e  and operate after b eing subjected to v e ry  h igh deceleration 
loads ran g in g  from  100 to 100 000 g, depending on the type o f  su rface b ein g im pacted, the type o f  
penetrator and its im pact v e lo c ity  and orientation.
Figure 24- M ars 96 Penetrator M ission |IK I Figure 25- Deep Space 2 M icroprobe [NASA]
2005]
2.2.3.5 EDLS Background Summary
Fro m  the num erous desig ns and system s presented above, it is p o ssib le  to gather that the study o f  
E D L  system  is not a new  field. L e ad in g  up to the e a rly  planetary m issio n s to the M o on, M a rs and 
V e n u s from  the e a rly  6 0 ’ s, a w ealth o f  kno w led g e  has been generated under the form  o f  d esign 
m ethods, con structio n processes and o v e ra ll u nderstanding o f  the E D L  system s. S in ce then, new  
m ethods, m aterials and concepts are co n trib u tin g  re g u la rly  to the grow th o f  the field. T h e  fie ld  
being no w  so broad, w e w ill  be re v ie w in g  s p e c ific  studies that p ro vid ed  an understanding o f  the 
E D L  system  as a w hole. Fro m  p aram etric studies o f  sp e cific  system s to o v e ra ll a n a ly sis  o f  the 
E D L  phase, a num ber o f  studies have led to a num ber o f  m odels re ly in g  on v a rio u s  m etrics to size 
the E D L  sub-system s from  a conceptual to a m ore advanced level. In  later sections, literature from  
each p articu la r fie ld  w ill  be re v ie w e d  to p ro vid e  a tim ely  rem ind er o f  the e xistin g  m odels and 
m ethods to d esign each o f  the subsystem s.
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2.3 Literature Review; EDLS trade-off and parametric studies
S in ce  the e a rly  years o f  space exp lo ra tio n , as soon as the challenges o f  sen din g hardw are into 
space had been m astered, getting it b a ck  sa fe ly  has been a constant d riv e  to im p ro ve  our 
und erstand ing  o f  the entry, descent and la n d in g  phases. H is to ry  show s that although resou nd in g 
successes h ave been achieved , fa ilu re  can be d isastrou s as e xe m p lifie d  b y  the recent loss o f  the 
C o lu m b ia  Shuttle O rbiter. C o n sid e re d  b y  m an y  as a ‘ B la c k  A lt ’ , the fie ld  o f  E D L S  d esign despite 
advances in  techn olo gies rem ains an area o f  space e xp lo ra tio n  w here no thing can be taken fo r 
granted. T o  m in im ise  the uncertainties lin k e d  to the u n kn o w n  environm en t o f  e a rly  m issio n s, the 
designers re lie d  h e a v ily  on p aram etric  stud ies o f  state-of-the-art system s to w h ic h  generous safety 
m argin s w ere added. T o  com plete and ca lib rate  these studies, the M e rc u ry , G e m in i and A p o llo  
program s p ro vid e d  v ita l in fo rm atio n  on entry b e h a v io u r o f  space capsules. In  the b u ild  up to the 
V ik in g  m issio n s in  19 76 , a w ealth  o f  studies in  the m id  to late 6 0 ’ s p ro vid e d  an in sig h t into the 
d esig n  and s iz in g  o f  the E D L  sub-system s fo r M a rs. S in ce  little  w as k n o w n  on the planet, these 
trade studies w ere o f  essence to id e n tify  p o ssib le  d esig n  dom ains.
A s  e arly  as 1965, L e v in e  et al [L e v in e , E ll is  et al. 1965] co m p ile d  the kn o w led g e  generated in  the 
e a rly  6 0 ’ s in  a docum ent su m m a risin g  the m a in  factors in flu e n cin g  the d esig n  and perform ance o f  
a M a rs  entry v e h icle . T h is  stud y p ro v id e s an e xh au stive  account o f  a ll the constraints for a ty p ica l 
m issio n , fro m  lau n ch , interplanetary  trajectories, com m un ication , p ow er, but also  id en tifie s the 
m a in  d rive rs  fo r the d esign o f  E D L  system s fo r M a rs: atm ospheric co n d itio n s, b a llis t ic  param eter, 
aerod yn am ic sta b ility  and heatsh ield  co n ve c tiv e  and rad iating  environm ents. C o n ce rn e d  w ith  the 
la n d in g  on a planet w ith  v e ry  lo w  atm ospheric p ressure and h ig h  v e lo c ity  w in d s, they co n clu d e  
that in  the s iz in g  o f  the d ifferen t elem ents, the B a llis t ic  C o e ffic ie n t ( B C )  is  the im portant factor 
lead ing to lo w  system  w e ig h t i f  B C  is lo w  and re cip ro ca lly . H o w e v e r, they note that the surface 
pressure m ay have the greatest im pact on the d esig n o f  both the descent and lan d in g  system  
m asses and u ltim a te ly  o n d ie  p ay lo a d  m ass. B y  c o m p ilin g  the trends and state-of-the art o f  the 
tim e, they b u ild  a p ictu re  o f  the E D L  pro ce ss b y  generating a num ber o f  dedicated tra d e -o ff 
studies as show n in  the fo llo w in g  F ig u re  26 to F ig u re  28. F ig u re  26 show s the strong effect o f  
su rface  p ressure on the lan d ed  p a y lo a d  w eight, w h ile  F ig u re  2 7  show s that s ig n ifica n t descent 
tim es (5 -1 0  m inutes) appear to be fea sib le  e ven fo r the lo w e st su rface  p ressure m odel 
atm ospheres. F in a lly , F ig u re  28 show s that in  h is  study, L e v in e  fin d s  sm a lle r ve h ic le s  
co n fig u ra tio n s have a better heatsh ield  and structural w eig ht fraction. T h is  p ie ce  o f  w o rk  is  a rare 
e xam ple o f  an end-to-end a n a ly sis  o f  the E D L  p ro b lem  as m ost o f  their su ccessors w ill  
concentrate on one o r two p a rticu la r aspects o r phases o f  the prob lem . A p a rt fro m  L e v in e , 
s ig n ifica n t o v e ra ll E D L  an a ly sis  studies in c lu d e  the w o rk  o f  H a rris o n  and Slo cu m b  [H a rriso n  and 
S lo cu m b  1969], L .D . G u y  [G u y  1969] as w e ll as the recent a n a ly sis  fro m  C ru z  et a l [C ru z, 
C ia n c io lo  et al. 2 005].
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Figure 26 - E ffect o f  atm ospheric surface F igure 27 - E ffect o f  descent tim e on suspended
pressure on payload w eight, entry w eight, and w eight capability  for d ifferent m ain parachute
optim um  ballistic param eter for a typical short- deploym ent altitudes. D rogue chute is deployed
lifetim e lander.[L evine, Ellis et al. 1965] at M ach 2 .5.[L evine, E llis et al. 1965]
F igure 28 -E ffect o f  entry vehicle ballistic  param eter on the required heat sh ield  and structure  
w eight for d ifferent d iam eter but fixed veh icle configuration  (A pollo-type capsuIe)[L evine, Ellis
et al. 1965]
T h e  docum ent fro m  Stew art et al [Stew art and G re e n sh ie ld s 1969] also  p ro v id e s  a good o v e rv ie w  
o f  E D L  tra d e -o ff but cove rs the fie ld  o f  E D L  w ith  a m ore g e neric approach. In  the paper 
su m m a risin g  their research, H a rris o n  and S lo cu m b  investigate fa ir ly  co m p re h e n siv e ly  the entry 
and term inal deceleratio n system s fo r unm anned M a rtia n  landers. In  this study, they use a m ore 
ap p lie d  ap proach than L e v in e  et al b y  illu stra tin g  their fin d in g  w ith  ty p ica l m iss io n s  scenarios. 
C o ncentratin g  on a sm a ll m iss io n  lau n ched  on a T ita n  I I I ,  they d evelop a concept o f  a soft and a 
ro u gh lan d er and set out to com pare their re la tiv e  subsystem s m ass fractions. T o  this end, they 
b u ild  a num ber o f  s iz in g  m odels based on the state-of-the-art o f  the tim e and foreseeable
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tech n o lo g y developm ent su ch  as h ig h  v e lo c ity  su p e rso n ic parachutes, p o w e re d  lan d in g  and 
im p act attenuation system s. H a rris o n  notes that the decelerations subsystem s ca n  be co m b in e d  in  
a m ann er to p ro v id e  m in im u m  total system  m ass, w h ic h  varie s w ith  entry m ass and entry 
con d itio ns. F o r  a ro u gh lander, he estim ates the m ass o f  a to tal-d ecele ratio n-syste m  c o m p risin g  
the parachute system  and im pact attenuator fo r  a p rescrib e d  im p act v e lo city . F o r  a soft lander, 
H a rris o n  id en tifie s and im poses a n e w  con strain t on the parachute system  b y  e n surin g  that the 
ae roshell w il l  reach the g rou nd  before in itia tin g  the lan d in g  radar. T h is  m easure ensures that no 
p a ra sitic  data is  introd uced  in  the co n tro l system  that com m ands the p o w e re d  la n d in g  o f  the craft. 
A lth o u g h , this im poses a m ass p e n alty  on the parachute as it grow s, it a lso  reduces the am ount o f  
p ro p ellan t req u ire d  fo r the term in al descent, resu ltin g  in  little  change on the o v e ra ll total- 
deceleration-system  m ass. A s  H a rris o n  com pares 3  E D L  co n fig u ratio n s: a ro u gh lander, a 
p arach u te -p ro pu lsio n  soft lan d er and an a ll-p ro p u ls io n  soft lander, he co n clu d es that the 
p a rach u te -p ro pu lsio n  lan d er is  m ore e ffic ie n t from  a deceleration system  m ass p o in t o f  v ie w  than 
the a ll-p ro p u ls io n  lander, and is  c o n sid e ra b ly  m ore e ffic ie n t than the parach ute-im pact attenuator 
ro u gh lander. H o w e v e r, in  a ll cases the ratio  o f  the deceleratio n system  m ass o ve r the p robe m ass 
increases as the entry m ass decreases. W ith  n e w  data fro m  the M a rin e r  m issio n s and ne w  
atm ospheric m od els, this stud y also  investigates som e environm en tal effects in  m ore details than 
L e v in e  b y  in c lu d in g  som e atm o sph eric va ria tio n s in  the design process as w e ll as v a ria b le  lan d in g  
con d itio ns. T h e  outcom e o f  the a n a ly sis  show s that soft landers o ffe r the advantage o f  sm a ll 
va ria tio n s in  deceleration system  m ass due to atm ospheric variatio n s and w in d s. T h is  is due to the 
fu e l co n sum ption ch a ra cte ristics p ro v id e d  b y  the g ravity -tu rn  gu id ance  la w  fo r the term inal 
p ro p u lsio n  system . T h is  g ra vity -tu rn  is a ch ie v e d  b y  a pow ered  v e h ic le  in  a g ravitatio nal fie ld  
w h e n  the thrust ve cto r is  co n strain ed  to be co -lin e a r w ith  the v e lo c ity  vecto r, and the an g le  o f  
attack is  m aintained  at zero (see also F ig u re  1 19 ). T h e  ro u gh landers h o w e v e r present a strong 
dependence on atm ospheric and su rface  environm en t. In  H a rris o n ’ s stud y [H a rriso n  and S lo cu m b  
1969], fo r the best co n d itio n s w ith  a dense atm osphere and sm ooth surface, the ro u gh deceleratio n 
system  am ounts to 8 5 %  o f  the soft lan d er system  (i.e . sm a ll parachute and lim ite d  thickness o f  
im p act attenuator), w h ile  fo r the w o rst co n d itio n s, w ith  a thin atm osphere and 13cm  diam eter 
ro ck s, the system  m ass increases to 16 0 %  o f  the soft lan d er m ass (i.e. large parachute due to the 
thin atm osphere, and th ick  attenuator system  to protect against ro ck s). F in a lly ,  fo r the entry 
param eters fo r both soft and ro u gh lan d ers, H a rris o n  found  o n ly  n e g lig ib le  changes in  the 
deceleratio n system  m ass o v e r the range o f  entry flig h t  path angle for an o u t-of-o rb it entry. F o r  a 
d irect entry h o w ever, an increase in  flight-path angle o r co rrid o r depth resu lts in  in cre asin g  
ae roshell m ass and therefore E D L  m ass.
A l l  in  a ll, H a rris o n ’ s w o rk  show s that soft lan d er deceleration system s are lig h te r fo r m in im u m  
su rface  density, m axim u m  w in d  and irre g u la r terrain  than ro u g h  landers. F o r  less severe
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en v iron m en t h o w ev er , m a sses  are c o m p etitiv e . T h e  u se  o f  a d irect entry m o d e  requires heav ier  
d ecelera tio n  sy stem s than the ou t-o f-o rb it entry, but this can  b e  a llev ia ted  b y  the u se  o f  liftin g  
b o d ies  to red uce the m ass o f  th ese  sy stem s. S o m e  o f  the fin d in g s o f  both  L e v in e  and H arrison are 
u n su rp rising ly  ech o ed  in the a n a ly sis  o f  G uy in  1969  [G uy 1969] w h o  stro n g ly  supports lo w  B C  
m iss io n s  w h ile  try in g  to m a x im ise  the p a y lo a d  fraction  that can b e  landed . T w o  a sp ects o f  h is  
a n a ly sis are re la tiv e ly  n ew  to the f ie ld  and sca rce ly  p u b lish ed  b efo re  as he co n sid ers the u se  o f  
b o th  in fla tab le  decelerator  sy stem s and the u se  o f  the “expand ab le  in tern ally  com partm ented  g a s­
bag  co n cep t”, to d a y ’s airbags. W h ile  h e  a d d resses the issu es  o f  entry and d escen t in d eta ils w ith  
appropriate trade-offs, the land in g  a sp ects are co v er ed  b r iefly  to der ive  an o v era ll m a ss bu d get for  
the E D L  sy stem . For h is in v estig a tio n , G u y  re lie s  on  com parin g  variou s E D L  option s for the  
h eatsh ie ld , decelerator and land in g  sy stem s. H e  then bu ilt a param etric ex p ress io n  for the overa ll 
sy s tem  to find  the ratio o f  ‘residual w e ig h t’, in  this ca se  the land ed  w e ig h t, aga inst the entry  
w e ig h t as d efin ed  b y  the fo llo w in g  equation:
Y k jv * [ j D ”1 ( a v "‘ 
C d A  W )  V  iC n / t
( 1 )
w h ere ea ch  o f  the term s o f  the su m m ation  is the w e ig h t o f  a d ifferen t co m p on en t. M, CD and A are 
the m a ss , drag c o e ff ic ie n t  and area o f  the prob e resp ectiv e ly , M/C^A rep resenting  the b a llis tic  
c o e ff ic ie n t  o f  the con figu ration . W and WR are the w e ig h t  o f  the probe and the residual w e ig h t  
resp e c tiv e ly  and a/g represents the m a x im u m  lo a d in g  (m axim u m  v a lu e  o f  decelera tio n  d iv id ed  by  
g, Earth acce lera tio n  in  m /s2). T h e v a lu es  o f  the ex p on en ts depend  o n  the fa ilu re m o d e  o f  the 
co m p on en t. T h e  constan t K,- depend s o n  con fig u ra tio n  and m aterials properties and m a y  in c lu d e  
co n tin g e n c y  factors to acco u n t for the w e ig h t o f  jo in ts  and fasteners. H ere, the residual w e ig h t is 
d efin ed  as the entry w e ig h t le s s  the w e ig h t  o f  the a erosh ell structure and h eatsh ie ld . G uy u se s  this 
m eth od  to in v estig a te  a m iss io n  b a sed  o n  a 120 d eg rees blunt co n e  and an a/g ratio o f  3 0  to  bu ild  
n om ograph s o f  the a erosh ell w e ig h t as sh o w n  F igu re 29 . T he reg io n s w h ere  the aerosh ell 
structural w e ig h t is g o v ern ed  b y  b u ck lin g  and y ie ld  criteria are b o u n d ed  b y  cu rves for  the  
m in im u m  g a g e  and zero p a y load . In  the b u ck lin g  reg ion , G uy estim ates the v a lu e  o f  ait n, and m, 
to be 0 .5 , -0 .1  and 0 .4  r esp ectiv e ly . T h e con stan t K; for an a lum in ium  h o n ey co m b  sa n d w ich  sh ell 
w a s 0 .1 6 5 5 E -3  and the v a lu es o f  K2,a2, n2 and m2 for  an  e lastom eric  h ea tsh ie ld  are 0 .2 2 , 0 , 0 .1 9  
and 0  r esp ectiv e ly .
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ENTRY W EIGHT, W X  IO '3
Figure 29 - Weight nomograph for aluminium honeycomb sandwich 120” blunt cone for a  / g  =
30. [Guy 1969]
F rom  the co m p a riso n  o f  d ifferen t con fig u ra tio n s, the stu dy  sh o w s that for any g iv e n  entry w e ig h t, 
the Wr/W  ratio in crea ses w ith  an in crea se  o f  the a llo w a b le  B C , as foun d  b y  H arrison. B ut 
su rp risin g ly , w h ile  stu d y in g  the v ar iou s a ero sh e ll co n figu ration s, he  fou n d  that the structure o f  the  
aero sh e ll d o es n o t appear to  lead  to  s ig n ifica n t m ass variations b e tw een  a ty p ica l sa n d w ich  and  
r in g -stiffen ed  d esig n s . O ther co n cep ts  su ch  as ten sio n  sh e lls  w ere  co n sid ered  as they prov id e  
u n ex p ec ted ly  h ig h  drag c o e ffic ie n t. T h e se  c o n e -sh a p e  structures are form ed  b y  a th in  sh ell 
s tiffen ed  b y  tw o  rings and actin g  in  ten sio n  during entry (se e  a lso  F igu re 7 9 ) , but the orig inal 
c o n cep ts  su ffered  from  h ig h  heatin g  and po o r  aerod ynam ic stab ility . For blunt c o n e  
co n fig u ra tio n s, due to the in crease  in  C d for in crea sin g  c o n e  an g le , G u y  sh o w s that the greater the  
c o n e  an g le , the h igh er  the resid ual m a ss o n  the system .
F ew  recen t tra d e -o ff  stu d ies h a v e  b een  fou n d  that deta il the im pact o f  the c o n e  a n g le  o n  the  
land ed  m a ss . T h is can  n ev erth eless  b e  in ferred  from  analytica l or w in d  tun nel stu d ies sp e c if ic a lly  
p resen tin g  the drag properties o f  a ero sh e ll co n fig u ra tio n s su ch  as in  [K irk, Intrieri et al. 1978; 
M itch eltree  and G n o ffo  1995; M itch e ltree , F rem aux et al. 1999; W in ch en b a ch , C hapm an e t al. 
2 0 0 2 ] . H o w ev er , in  a recen t stu dy  b y  C ruz et al [C ruz, C ia n c io lo  et al. 2 0 0 5 ] , a num ber o f  entry  
sh ap es are in v estig a ted  for a M ars entry: a b lu nted  co n e , an in fla tab le  aero sh e ll, and tw o  m id  L /D  
e llip s le d  aero sh e lls . In the fram e o f  th is stu dy  and to land a 1 8 0 0 k g  lander, m id  L /D  aero sh e lls  
w ere  not ju d g ed  co m p etit iv e  a ga in st the b lu nted  c o n e  but in fla tab le  a ero sh e ll su ch  as the o n es  
u sed  for the IR D T  (In fla tab le  R e-en try  and D e sc e n t  T e ch n o lo g y ) m iss io n s  [D .W ild e , W alther et 
al. 2 0 0 0 ] or co n sid ered  for  the IR V E  project [H u gh es, D illm a n  et al. 2 0 0 5 ]  appear to  p rov id e  
p ro m isin g  perform an ces in the future as their tech n o lo g ica l read iness im proves.
T h e  statem en t b y  L ev in e , H arrison and  G uy o n  in creasin g  the B C  to  in crea se  th e  p a y lo a d  to entry  
m a ss ratio m ust b e  b a la n ced  w ith  the requirem en ts o f  the d escen t sy stem . In deed , the v a lu e  o f  the
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B C  sh o u ld  b e  ca refu lly  c h o se n  to  m eet the required a ltitu de and v e lo c ity  co n d itio n s to in itia te  the  
d escen t ph ase. I f  B C  is to o  h ig h , the p robe w ill n o t b e  s lo w e d  su ffic ien tly  for the d ep lo y m en t o f  a 
decelerator. I f  too  lo w , the hard a ero sh e ll su rface  is large and its structure b e c o m es  too  h eavy . 
F o llo w in g  this un iq u e  rela tion  b e tw e en  the B C  and decelerator sy s tem  properties, G uy c o n c lu d es  
that a decelerator cap ab le  o f  d ep lo y m en t at h igh er  sp ee d  w o u ld  perm it a h igh er  B C  entry v eh ic le .  
A  tw o -sta g e  decelerator sy s tem  m a y  e v en  en large  the dom ain  o f  a llo w a b le  B C  by  u sin g  a 
co m b in ation  o f  su p erso n ic  and su b so n ic  d ecelerators. T w o  poten tia l su p erso n ic  aerod ynam ic  
d ecelerators can  be identified: parachutes and in fla tab le  structures. D e s ig n e d  to b e  d ep lo y ed  at 
su p erso n ic  sp eed , attached  or to w ed  in fla tab le  decelerators w ere  in itia lly  d e s ig n ed  to b e  ram -air  
in fla ted  and  p o ss ib ly  p ro v id e  better d ece lera tio n  for  a reasonab le  m ass p en a lty  o ver  parachutes. In  
1 9 68 , B arton d escr ib es the d ev e lo p m en t and testin g  o f  an attached in fla tab le  decelerator  b y  the  
G o od year  A ero sp a ce  C orporation  for  N A S A  L a n g ley  [B arton 1968]. T h is in teresting  sy stem  
p o sse sse s  d ep lo y m en t and drag characteristics v e ry  d ifferen t from  parachutes, m ak ing  direct 
com p a riso n  and tra d e -o ff  d ifficu lt. T o  fa c ilita te  th is com parison  b e tw e en  d iss im ila r  d escen t  
sy stem s, G uy p o in ts  to a param eter d ev e lo p ed  b y  M .S  A n d erso n  and H .L  B o h o n  at N A S A  
L a n g ley  co m p u ted  b y  d iv id in g  the m ass o f  the decelerator structure b y  the decelerator drag to the  
th ree-h a lves p ow er. It p ro v id es e sse n tia lly  a p erform ance param eter lin k ing  the drag o f  a sy stem  
to its sp ec if ic  m ass. F o llo w in g  the an a ly sis  o f  variou s decelerator sy s tem s w ith  th is param eter, 
G uy m ak es a c a se  for in fla tab le  b y  com parin g  their p erform ances in  term  o f  m a ss and d yn am ic  
pressure dom ain  o f  a p p lica b ility  as sh o w n  F igu re  3 0 . H e n otes that “ the c h o ice  o f  decelerator  
d ep en d s on  the loa d in g  reg io n s o f  its in ten d ed  u se . A t h ig h  dyn am ic  pressu res the a erosh ell i t s e lf  
is  the m o st e ffic ie n t decelerator. A n  attached  in fla tab le  decelerator is the m o st e ffic ie n t  e v en  at 
lo a d in g s app roaching th o se  for h ig h  su p erso n ic  M a ch  num ber d ep lo y m en t in  a d irect approach  
entry. S in ce  su ch  d e v ic e s  appear attractive o ver  a large range o f  su p erson ic  sp eed s , their u se  in  
either an o u t-o f-orb it or d irect-app roach  m iss io n  sh o u ld  b e  considered .
10‘ 6! io" " ' "* 100 lOQO
DYNAMIC PRESSURE Q. ps!
Figure 30 -  Comparison of efficiency of decelerators (Guy 1969]
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F in a lly , h e  a lso  c o n c lu d es that the u se  o f  A tta ch ed  In fla tab le  D ece lera tors (A ID ) o v er  parachutes  
m a y  be particu larly  b e n e fic ia l for  lo w  d en s it ie s  atm osp heres. T h e recen t stu d y  from  C ruz [Cruz, 
C ia n c io lo  et al. 2 0 0 5 ]  a lso  co n sid ers a con fig u ra tio n  based  on a co n v en tio n a l a erosh ell, a 
su p erso n ic  in fla tab le  and a su b so n ic  parachute. T h is particular in fla tab le  con fig u ra tio n  is  based  on  
a ten sio n  sh ell in fla tab le  d esig n  sim ilar  to  the N A S A  H y p erco n e  decelerator co n cep t [B row n, Epp  
et al. 2 0 0 3 ] . B u t both  G uy and C ruz fall short o f  p ro v id in g  a co m p lete  decelerator  r ev iew  b y  
com p arin g  o n ly  v e iy  few  parachute typ es w ith  the in fla tab le  configuration s.
A n  a n a ly sis  b y  W orth [W orth 1966] p ro v id es m ore deta ils  on  the p erform an ces o f  a num ber o f  
sta te-of-the-art parachute co n fig u ra tio n s o f  the m id  6 0 ’s su ch  as the c lo v e r le a f, annular, r in gslo t  
and rin gsa il parachutes. H e then co m p a res them  aga inst a num ber o f  m etr ics su ch  as w e ig h t  
fraction , d escen t tim e or equ ilib riu m  d escen t v e lo c it ie s  (as sh o w n  in the fo llo w in g  F igu re 31 and  
F igu re 3 2 ) , and sh o w s that the ty p e  o f  parachute u sed  is very  m u ch  d ep en d en t o n  the sp e c if ic  
app lica tion  and m iss io n  requirem ents. S in ce  then , n e w  con figu ration s h a v e  b een  d e sig n ed  and  
tested  o n  variou s m iss io n s , furthering our understand ing o f  su ch  sy stem s but a lso  p o in tin g  to the  
im portance o f  her itage  in p lan etary  exp loration . T h is p o in t is illustrated  b y  the h istory  o f  the D isk -  
G ap-B an d  (D G B ) parachute. D e s ig n e d  for the V ik in g  parachute [S teinberg , S iem ers et al. 1973] it 
has b een  su c c e ss fu lly  sca led  and reu sed  o n  sev era l m iss io n s  su ch  as for the M ars P athfinder  
m iss io n  [D esa i, N . e t al. 2 0 0 3 ]  and the M ars E xp loration  R overs [W itk o w sk i and B runo 2 0 0 3 ] .
T od ay , n e w  referen ces p ro v id e  an ex h a u stiv e  co m p ila tio n  o f  parachute d e s ig n  m eth od s and  
p erform ances a n a ly sis  for Earth and p lan etary  ex p lo ra tio n  m iss io n s . S u ch  w ork  in c lu d e  the  
“R e co v e r y  S y stem  D e s ig n  G u id e” from  Irvin  Industries Inc. [E w in g , B ix b y  et al. 1978] w h ic h  has  
su b seq u en tly  b een  partly rep rod uced  in  the “Parachute R e co v e r y  S y stem  D e s ig n  M anual” b y  
K naclce [K nacke 1 992], co-author  o f  the or ig in a l Irvin Report.
VM SERIES MARS M ODEi, ATMOSPHERE
o.-i w , -  l a n d e d  w e ig h t
ATMOSVM 1 
ATMOS VM SK t  
ATMOSVM 4
500 10Q0 1500 2000 Z500 3000 3500
w l - lbs
Figure 31 - Main chute system weight fraction Figure 32 - Single chute system parachute 
vs vertical impact ve!ocity.[Worth 1966] diameter vs landed weight.[Worth 1966]
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H a v in g  com pared  the drag properties o f  d ecelerators, a relation  is  foun d  b e tw e en  the B C , the 
su rface  pressure and the n ecessa ry  v e lo c ity  red uction  required from  the d escen t system . A lle n  and  
E g g ers [A llen , H.J. et al. 1958] c ited  b y  G u y  su ggest:
(IV p mcly
V 2 s in  ye(M IC DA) ( 2 )
Furtherm ore, in tegrating the d en s ity  o v er  the ex ten ts o f  the atm osp here g iv e s  an ex p ressio n  o f  the  
pressu re, lea d in g  to a m o d ifica tio n  o f  the e x p ress io n  a b o v e  su ch  that:
logf L L  m m *
\ v )  2 s in  ye( M /C DA)
w h ere
v. V, V e loc ity  and In itia l ve locity, respectively
Poo
Density o f  the flo w
Ye In itia l entry f lig h t path angle
M/CoA B a llis tic  coe ffic ient de fin ition (A/.'Mass, 
Q> Drag Coeff, A: Area)
P pressure
y altitude
U sin g  this ex p ressio n  as the b a sis  o f  h is param etric stu dy  o n  the decelerators, G uy o b serves the  
v ery  rapid red uction  in  residual w e ig h t  w ith  d ecrea sin g  surface pressure, but se e s  a poten tia l to 
increase  p a y lo a d  capab ility  b y  u s in g  A ID , e v e n  in  a lo w -d en s ity  atm osp here, s in ce  it can  be  
d ep lo y ed  at m u ch  h igh er  sp eed s. A  sim ilar  a n a ly sis  b y  G illis  [G illis  1 969] o ffers a s lig h tly  
different p ersp ec tiv e  but reach es the sa m e c o n c lu sio n . In h is stu dy , G illis  com pares the  
perform ance o f  a parachute sy stem , an A ID  and a hybrid con figu ration  for a h y p oth etica l m ars 
m iss io n  o f  about 2 2 7 0 k g . H e  n o te s  that for  the sa m e  cap su le  w e ig h t, the h igh er  B C  p erm issib le  
w ith  the A ID  resu lts in  a sm aller  aero sh e ll d iam eter and therefore m ass o f  the e n c lo s in g  aeroshell. 
T o  estim ate  the m ass W o f  th e  d ecelerator sy stem s, G illis  in itia lly  u se s  an  ex p ressio n  em p irica lly  
derived  b y  R .A  A n d erson  from  N A S A  L a n g le y  for prelim inary analyses:
W ^ K x{CDA ) + K 2(CDA f 2q
(4 )
w h ere  the first term  relates to  the fabric e n v e lo p e  and the seco n d  to the load-carry in g  tapes and  
su sp en sio n  lin es, and q is  the lo ca l d y n a m ic  pressure. T he v a lu e  o f  the drag area CqA for  the  
parachute is taken at su b so n ic  sp eed s and su p erso n ic  sp eed s for the A ID , the m o st e f fe c t iv e  
reg im es for  ea ch  sy stem .. M a ss-w ise , the A ID  w e ig h s  s lig h tly  le s s  than the parachute, e v e n  
thou gh  its drag area is o n ly  h a lf  o f  the parachute. T h is is due m o stly  to the greater surface o f  c lo th
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required for the d e s ig n  and h igh er  dyn am ic  pressure it has to endure at d ep lo y m en t that requires a 
m ore robust construction  (4 .1 K p a  aga inst 0 .7K p a  for  the parachute). B u t the d ifferen ce  in  B C  a lso  
translates into  h igh er  term inal v e lo c itie s  for the A ID . For a ll the test c a se s , as G illis  d e fin es the  
land in g  sy stem  as a retropropu lsion  sy stem , th is d ecelerator m ass com p a riso n  has to b e  ba lan ced  
w ith  the greater propellan t m a ss required b y  the A ID  configuration .
A ll in  a ll, G illis  c o n c lu d es that a lth ou gh  the ov era ll A ID  d ecelera tion  sy s tem  in it s e lf  is 50%  
h ea v ier  than the parachute op tio n  (ad d ition a l p ropellan t m a ss in c lu d ed ), true m ass sa v in g s occu r  
w ith  the sa v in g  in  aero sh e ll m a ss , eva lu a ted  in  th is stu dy  to 181kg. A ssu m in g  a f ix ed  in-orbit 
m a ss, the m ass sa v e d  can  therefore b e  red istributed to the p a y lo a d  and the land ed  m ass. In h is  
d escen t sy stem s an a ly sis , W orth [W orth 1 9 66] com p ares the various parachute con figu ration s  
w ith  the im pact v e lo c ity  th ey  can  a ch iev e  for  variou s d escen t m a sses . U n derstan d in g  that the  
prob lem s a sso c ia ted  w ith  the term inal im pact are co m p lex , he fo c u se s  on  the in flu en ce  o f  the  
parachute sy stem  o n  the v ertica l and lateral v e lo c itie s  at im pact. S in ce  the w e ig h t o f  the im pact  
sy stem  in crea ses w ith  the im p act sp eed  and that om nid irection a l p rotection  is heav ier  than a 
u n id irectional or lo ca lise d  im pact attenuation , W orth  p ro v id es recom m en d ation s o n  the u se  o f  a 
num ber o f  parachute sy stem  lin k ed  to the w in d  co n d itio n s at the tim e o f  im pact. H e  n o tes that 
a lth ou gh  the r in gsa il p erform ances are h ig h ly  rated, the c lo v e r le a f  parachute w o u ld  b e  ab le  to  
ca n cel out up to 50  m /s lateral w in d  at m ax im u m  g lid in g  angle . T h is sy s te m  w o u ld  then u se  a 
un id irectional im pact sy stem , lea d in g  in h is stu dy  to a substantia l m ass sa v in g  o f  13%  on the  
in itia l m ass o f  the lander.
In add ition  to m o st o f  the other E D L  param etric and trade stu d ies that deal w ith  ty p ica l E D L  
co n figu ration s c o n sistin g  o f  an aerod yn am ic  decelerator  and a land ing sy stem , other authors su ch  
as K e lle y  and G in sb erg  [K e lley  and G in sb erg  1 968] o ffer  a d ifferen t approach. In their an a ly sis ,  
they  in v estig a te  a fu lly  p o w ered  d escen t and land in g  p h ase  that rem o v es the n eed  o f  aerod ynam ic  
decelerators a ltogether. From  an ou t-o f-o rb it entry, the e ffe c tiv e n e ss  o f  a s in g le  and dual thrust 
lev e l has b een  in v estig a ted  as w e ll  as the o p tim u m  ig n itio n  a ltitudes for both  sy stem s. A fter  
c o n sid er in g  a num ber o f  entry co n d itio n s , B C , thrust lev e ls  and entry m a ss , K e lle y  et al [K e lley  
and G in sb erg  1968] dem onstrate  the su perior ity  o f  the dual-thrust sy stem  o v er  the s in g le  thrust for  
a p ro p u lsiv e  d escen t and lan d in g  system .
T h e  land in g  p h ase  is cr itica l to an y  p lan etary  m iss io n  and is tigh tly  in terleaved  to the p rev iou s  
entry and d escen t p h a ses, h en ce  the nu m erou s c ita tio n s ab o v e  about so ft  and rough  landers. 
M iss io n  o b jec tiv e s  and requirem ents w ill  u ltim a te ly  se t w h eth er the lan d in g  is  to b e  so ft, sem i-  
hard or hard d ep en d in g  o n  the d ecelera tio n  the p a y lo a d  can  w ithstand .
T h e  hard lan d in g  o p tion s are rev iew ed  b y  L e v in e  for a s im p le  su rface m iss io n  for w h ic h  h e
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se le c ts  tw o  im pact attenuators b a sed  o n  m aterial d eform ation  (balsa  w o o d  and a lum in ium  
h o n ey co m b ) and com pares their resp ectiv e  ca p a b ilitie s  F igu re 33 b e lo w ).
Figure 34 -  Levine trade-off analysis for
Figure 33 -Effect of landing impact velocity on . . .  . . .rough lander system weights; Landed
payload weight fraction utilizing two different „J 6  mass= 10001b, VM-7 atmosphere.[Levine,
impact attenuation materials.[Levine, Ellis et Ellis et al. 1965]
al. 1965]
H e n o te s in  h is com p a riso n  that about h a lf  o f  the total landed w e ig h t c o n sists  o f  the im pact 
attenuation  m aterial and that ba lsa  w o o d  g iv e s  a better p a y lo a d  fraction  than alum in ium  
h o n ey co m b , but at the e x p e n se  o f  h igh er  peak  d ecelera tion  lev e ls . In add ition , ba lsa  is transparent 
to R F  s ig n a ls , m ak in g  the d e s ig n  o f  c o m m u n ica tio n  lin k  easier  s in c e  the im pact m aterial d o es n ot  
h a v e  to b e  d ep lo y ed  as w o u ld  an a lu m in iu m -b a sed  attenuator. H arrison’s an a ly sis  is v ery  sim ilar  
as sh o w n  in  the fo llo w in g  F igu re 3 5 . B u t d irect co m p arison  from  the figu res is  d ifficu lt: L ev in e  
u ses  the ratio o f  the su b -sy stem  m a sses  o v er  the land ed  w e ig h t on lo g  sc a les  w ith  d ifferen t im pact  
v e lo c ity  range w h ile  H arrison  u ses  the ratio o f  su b -sy stem  w e ig h t o v er  entry w e ig h t. D e sp ite  th ese  
d ifferen ces , bo th  stu d ies p ro v id e  s im ila r  and co m p lem en tary  in form ation  o n  the b eh av iou r  o f  the  
m a ss fractions w ith  resp ect to  a nu m ber o f  sp e c if ic  entry and d escen t param eters. For a better  
understand ing o f  the b eh a v io u r  o f  a num ber o f  cru shab le  structures, param etric stu d ies su ch  as the  
o n e  b y  G erard [G erard 1 9 65] com p ares and ev a lu a tes the e ff ic ie n c y  o f  variou s m ateria ls and thin  
w a lled  structures su ch  as tanks lea d in g  to  the d er iva tion  o f  a num ber o f  param etric ex p ressio n s.
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Figure 35 -  Harrison trade-off analysis on rough lander deceleration systems weight; W e  = 1200 lb, 
atmosphere VM-7 and Vm-8 .[Harrison and Slocumb 1969]
Sem i-hard  lan d in g  is d iscu ssed  b r iefly  b y  G uy w h o  m akes a d irect co m p arison  b etw een  a num ber  
o f  E D L  scen arios co m p ris in g  severa l lan d in g  sy stem s. H e  in v estig a tes the u se  o f  a crushup ball 
and a gas bag con cep t. A ir  b a g  co n cep ts ha v e  b een  in v estig a ted  on  sev era l o c ca s io n s  s in c e  the  
6 0 ’s for  m ann ed  and un m anned  m iss io n s  as d escr ib ed  in  sev era l stu d ies w ith  torii or  
om n id irection a l airbags [M artin and H o w e  1960; M cG eh ee , H athaw ay et al. 1969; W aye, C o le  et 
al. 1995]. T h e se  structures h a v e  b een  u sed  su c c e ss fu lly  on  Earth, M ars (M P F , M E R s) and the  
M o o n  (L una E - 6 ). G uy c o n c lu d es that airbags in  the o v era ll E D L  sy stem  b u d get p ro v id e  a greater  
land ed  m ass than crushab le structures.
Figure 36 -  Spherical 
Omnidirectional airbag 
system [McGehee,
Hathaway et al. 1969] 
similar to the one used 
on the failed Beagle2 
mission.
Figure 37- Torus Airbag system 
[McDonnel-Douglas-Astronautics- 
Company 1968]
Figure 38: Mars Pathfinder 
omnidirectinal airbag
system]Waye, Cole et al. 1995]
M o st o f  the entry d escen t and  land in g  scen a r io s in  th ese  stu d ies co n sid ered  a so ft  land in g  o p tion  
as part o f  the tra d e-o ff e x er c ise s  and derived  a num ber o f  trends and m odels: G u y  [G uy 1969] and  
W orth [W orth 1966] con sid ered  a p ro p u lsio n  sy stem  and o b served  that the land ed  m a ss increases  
w h en  u s in g  it w ith  a su p erson ic  decelerator  in stead  o f  a su b so n ic  o n e , but a lso  that the prop u lsion
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system  m ass increases lin e a rly  w ith  the landed m ass. Soft la n d in g  techniques have been 
s u c c e s s fu lly  used on the M o o n  and M a rs  se ve ra l tim es, but h isto ry  show ed  that it is a co m p le x 
system  le ad in g  to m ix e d  results fro m  the su ccesses o f  the V ik in g s  landers to the fa ilu re  o f  the 
M a rs  P o la r L a n d e r (M P L ). B o th  used  p ro p u ls iv e  descent and lan d in g , but im plem ented it in  
d ifferen t w ay s: V ik in g  used  a throttleable system  w h ile  M P L  used  p u lse-m o d ulated  thrust. A  
nu m ber o f  p o in t d esig n  studies e xist that d etails the p ro p u lsio n  system  o f  a p a rticu la r m issio n , 
su ch  as the ones from  Sch m id t [S chm idt, B re w ste r et al. 1999] and H o lm b e rg  [H o lm b e rg , N . A . et 
al. 1980], but v e ry  few  studies apart fro m  the ones m entioned p re v io u s ly  p ro v id e  a detailed v ie w  
o f  the p ro p u lsio n  system  in  the o ve ra ll E D L  fram e.
F ro m  the re v ie w  o f  the literature in  the fie ld , tra d e -o ff analyses, param etric m odels and poin t 
d esig n studies, it is  p o ssib le  to d e riv e  a nu m ber o f  com m ents. It  appears that the need for 
param etric and tra d e -o ff studies for the w h o le  E D L  has been m u ch  m ore im portant in  the e a rly  
ages o f  p lan etary  e xp lo ra tio n  than later on. In deed, m ost o f  the o v e ra ll trade studies fo r M a rs  
dates b a ck  to the 6 0 ’ s and 7 0 ’ s, and no  m a jo r w o rk  seems to h ave been pro d uced  u n til som e 
recent studies. F e w  reasons can be p roposed  fo r this trend. B e fo re  an y lan d er actu a lly  reached 
M a rs, sp ecu latio ns and assum ptions w ere the b asis fo r the d esign o f  M a rtia n  lan d er due to the 
u n k n o w n  co n d itio ns at the p lan et at that time. A  ca re fu l trade o f  a ll the options w as therefore 
necessary, le ad in g  to com plete E D L  tra d e -o ff e xe rcises based on a s ig n ific a n t nu m ber o f  
va ria b le s. S im ila r  studies are pe rform e d  today fo r the e xp lo ra tio n  o f  T ita n  su ch  as the ones from  
D y k e s [D y k e  2 0 0 3 ] o r L o c k w o o d  [L o c k w o o d  2 0 0 3 ] w here the E D L  system s are investigated 
p aram etrically. O nce the enviro n m en ta l co n d itio n s at M a rs  w ere understood, trade analyses 
concentrated on tried and tested hard w are and sp e c ific  su b-system s, re u sin g  the kn o w led g e  o f  one 
m iss io n  to the next to m in im is e  ris k , developm ent, and cost. T h is  m ethod has been v e ry  
s u cce ssfu l and has p ro ven  to w o rk  w e ll o ve r the years. T o d ay, the d esign environm en t has seen a 
dram atic change at e co n o m ic and d esign le v e ls  lead ing to a regained  interest in  trade and 
p aram etric studies. U n lik e  past m issio n s in  the 7 0 ’ s, new  space m issio n s are strictly  budgeted and, 
und er one form  o r another, cost-capped. T h e re fo re  it is  o f  the essence to foresee fro m  the 
in itia tio n  o f  the pro je ct the p oten tia l grow th in  the v e h ic le  m ass and h o w  this affect p erform ances 
and sub-system s s iz in g  so that efforts and budgets are not spent constantly on p o in t design studies 
and refinem ents. R e c ip ro c a lly , u nd erstand ing the trade-spaces o f  a m iss io n  a llo w s  the m anagers 
to scale  it up and d o w n  to fit  the budget a llo catio n . H o w e ve r, apart fro m  the e cono m ics, new  
studies are also  n e cessary  fro m  a d esig n  p o in t o f  v ie w . R e ce n tly , ne w  o r re-engineered ideas are 
b ein g  considered. T ra d e -o ff  studies tends therefore to h ave a b en ch m arkin g  ro le  to understand the 
d ifferen ces and p erform ances o f  new  E D L  sub-system s such as in fla ta b le  structures, m id  L /D  
a eroshells o r airb ag s as w e ll as q u a n tify in g  the im pact o f  u sin g  a s p e c ific  techn olo g y against
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another on the o v e ra ll perform ances o f  the E D L  system . F in a lly , trade o f f  studies ca n  be 
p erform ed  faster today thanks to the p o w e rfu l and cheap com pu tin g resou rces n o w  ava ilab le , 
m a k in g  the sim u la tio n  and a n a ly sis  o f  thousands o f  cases possible.
A n o th e r interesting feature o f  the literature re v ie w e d  is  the little  em phasis on the altitude o f  the 
la n d in g  site. U s u a lly  d efin ed  as a constant in  a ll the studies, little  has been w ritten about the 
im pact o f  the altitude o n the d esig n  o f  E D L  system s as a w hole. O ne can see that once a set o f  
target lan d in g  site is  selected, a trade stud y arou nd  a poin t d esign is  u s u a lly  su ffic ie n t fo r the 
m iss io n  analysts. T h e  effect o f  su rface  p ressure is m entioned w h ic h  id e a lly  co u ld  be related to 
altitude to som e extent, but no system atic stud y has been perform ed  to q u an tify  the in flu e n ce  o f  
altitude 011 the d esig n o f  the E D L  system s. S u ch  con siderations co u ld  p o te n tia lly  becom e v e iy  
v a lu a b le  in  the near future as m ore m iss io n s go to M a rs. In  p a ir  w ith  in cre a sin g  the lan d in g  
accu ra cy, the selection o f  E D L  sub-system s w ith  altitude w o u ld  help m iss io n s to target sp e c ific  
area that m ay not h ave been co n sid e red  before su ch  as the caldera o f  O ly m p u s M o n s  o r the depth 
o f  the V a lle s  M a rin e ris . N o w a d a y s, these param etric and tra d e -o ff studies tend to com e 
som etim es under the lab e l o f  m u lti-d is c ip lin a ry  o ptim isatio n (M D O ). T h is  can appear som ew hat 
an to n ym ic sin ce  M D O  aim s at d e liv e rin g  op tim ise d  designs w here tra d e -o ff studies aim  at 
id e n tify in g  trade spaces an d  d esig n  dom ains. N e ve rth eless, one co u ld  say that these param etric 
and trade studies are indeed part o f  a m u lti d is c ip lin a ry  optim isatio n p ro ce ss b y  p ro v id in g  the 
n e ce ssary  resources o r fra m e w o rk to op tim ise  a p a rticu la r d esign through p aram etric  relatio ns or 
ch aracterisatio n o f  the in flu e n ce  o f  one system  on another. Sandia L a b s d efines M D O  as “ A  
m ethodology fo r the d esign o f  co m p le x  en g in e e rin g  system s and subsystem s that coh eren tly  
e xp lo its  the syn erg ism  o f  m u tu a lly  interactin g  phenom ena.”  T h erefore, the param etric studies that 
investigate seve ral 01* a ll E D L  sub-system s and their re la tive  in flu e n ce  on the term in al param eters 
are therefore a form  o f  M D O .
In  this sectio n  w e h a ve  been gathering e vid e n ce  o f  the co m p le x and inte rle ave d  p rob lem  o f  the 
E D L . W ith  each system  affe ctin g  the n e xt one, o n ly  a com plete system  v ie w  o f  the E D L  phase 
can p ro v id e  the fu ll  p ictu re  to understand the d esig n o f  each o f  the sub-system s. B u t this p ictu re  
w o u ld  not be com plete w ithou t accou nting  fo r heritage and past p lan etary  m iss io n  exp erien ce.
2.4 Planetary Missions Heritage
H eritag e  is  d efined  b y  the W eb ster d ictio n a ry  [W eb ster 2 005] as “ som ething transm itted b y  or 
acquired  from  a pred ecesso r” . F o r  m ost p lan etary  m issio n s, the d esign o f  the subsystem s re lie d  
h e a v ily  on p re v io u s p rojects, research program m e o r m issio n s to av o id  the d u p lica tio n  o f  efforts 
w here p re v io u s e xp erien ce p ro vid e d  a tried and tested solution. B y  co m p ilin g  a set o f  past
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m issio n s, it is p o ssib le  to d e riv e  a nu m ber o f  trends that w ill  facilitate future a n a ly sis  o f  the E D L  
system s. T hese trends relate to m ass ratios o f  som e typ ica l M ars and planetary m issio n s as w e ll as 
the im pact on the cost o f  a m issio n .
A  database o f  19 m issio n s to M a rs, T ita n , V e n u s and Earth has been co m p ile d  w ith  about e ighty 
criteria. T h e se  are show n in the fo llo w in g  T a b le  4 w ith  their respective status and presented in fu ll 
in  A p p e n d ice s A . T h e  first in d ica tiv e  trends o f  interest are the m asses ratio. A s  describ ed  in the 
literature revie w , this is  in m ost cases a s ig n ifica n t com parison tool between con fig u ratio n s. F o r 
exam ple, the surface m ass against the m ass o f  the probe p ro vid es an in d ica tio n  o f  the trend o f  the 
a llo w a b le  m ass o f  the lander for a g iv e n  total m ass o f  the probe as show n in the fo llo w in g  F ig u re  
39.
T a b le  4  - H e r ita g e  D a ta b a se  M issio n s an d  S ta tu s
Mission Status Mission Status
V ik in g Success In terM arsN et C a n ce lle d
M a rs P athfinder (M P F ) S u cce ss E xo m a rs C D F# 1 In Progress
M a rs P o lar La n d er (M P L ) Failed N etlander C a n ce lle d
M a rs E x p lo ra tio n  R o v e r ( M E R ) S u ccess H uygens Success
Deep Space Probe 2 Failed Pioneer V e n u s L a rg e  Probe Success
P h o en ix In Progress Pio neer V e n u s S m a ll Probe S uccess
M a rs 2001 L and er C a n ce lle d G a lile o S uccess
B eagle  2 Failed Stardust In progress
M a rs 96 Failed G en esis ~ S u cce ss
Fro m  the chart, is p o ssib le  to id e n tify  few  areas w here m issio n s present s im ila r characteristics 
su ch as the E D L  System : parachute o n ly , R ocket A ssiste d  D escent (R A D )+ p a ra c h u te  or inflatable  
structures. E ach  area o n ly  co m p rise s s im ila r  m iss io n s  leading to the o b servation that parachute 
o n ly  m issio n s m ay be p e rm issib le  up to a certain  lander m ass above w h ich  R A D  system s m ay be 
required. T h is  o b v io u s ly  w o u ld  need to be assessed on a per case basis. T h e  data fo r the E x o M a rs  
m issio n  u sin g  inflatable  structure has been extracted from  the first C o n cu rre n t D e sig n  F a c ility  
( C D F )  study o f  the project. These data are questionable  w hen com pared to the other m issio n s, and 
w o u ld  p ro vid e  a v e ry  in e ffic ie n t and h e avy E D L S . Sin ce, the E x o m a rs concept has seen few 
re v is io n s, and it is no w  b elieve d  to be c lo se r to the trend.
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Mission to Mars and interplanetary related missions 
Ratio o f mass lander Vs mass probe
y = 0.6214X- 29916
F ig u re  39: T r e n d s  - L a n d er  vs. P rob e M ass
T h e  aeroshell ch aracte ristics are not o n ly  dependent on the m ass o f  the probe its e lf  or on the m ass 
to land, but it is  m a in ly  due to heritage from  past m issio n s sin ce  an exte n sive  aerod ynam ic 
database has been d eveloped  fo r the V ik in g  and H u yg e n s m issio n s. T he sam e geom etries, and 
w here p o ssib le  sizes, are reused o r scaled: m ost o f  the U S  M a rs m issio n s are based on a 70  
degrees ha lf-co n e  geom etry and 60 degrees h a lf-co n e  fo r E uropean m issio n s and w eight around 
7 0  kg. T he fo llo w in g  F ig u re  40 illu strates the ty p ica l trend o f  aeroshell m ass against its diam eter. 
Fro m  this figu re, one can see that m ost o f  the m issio n s, despite h a vin g  v e ry  d is s im ila r  entry 
m asses, have used v e ry  s im ila r ae ro sh ells  to lim it red esig n and testing issues.
Aeroshell Mass [kg]
F ig u re  4 0  - T r e n d s  - A e r o sh e ll D ia m ete r  vs. A ero sh e ll M ass
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Figure 41 -  Trends EDLS/Probe mass Ratio Vs Surface Mass
Figure 39 and Figure 41 illustrate and confirm  very w ell the points made analytically by Levine 
[Levine, E llis et al. 1965] and G uy [Guy 1969] in the previous section: historic data show  an 
increase in probe m ass linked to an increase in payload mass as w ell as a decrease in EDLS mass 
ratio.
This database as w e have seen provide som e interesting design data, but it also com piles som e 
cost data that can be used to build indicative cost trends for lander-m issions to Mars. Cost data 
from past m issions are difficult to gather and should be taken as quantitative rather than exact. 
This is especially  true in the case o f  the B eagle2 and MER m issions where data are still sketchy. 
The follow ing Table 5 com piles all the available data on five Mars m issions converted to FY  
2002 ':
Table 5 - Cost trends -  Missions Data
Units Viking patntinder Polar Lander Beagle 2 MERs
Status Success Success Failure Failure Success
Launch [M$] 293 55 55 50 55
Bus [M$l 240.5 117
Lander TM$1 558.2 171 165 18 5501£1
1691.515152 200.4689332 182.1192053 18 550
Rover _ __ 25
Total Spacecraft 828 251 220 185 605
Cost Operation [M$1 1 115 8 | 39 I I 18 I
Total cost mission [M$] 943.8 265 220 203 605
L.l 1974 1996 1999 2002 2002
FY 2002 conversion factor 0.33 0.853 0.906 1 1
Cost Mission FY 2002 [M$] 2860 310.6682298 242.8256071 203 605
1 C o n ve rs io n  fac to rs  fro m  : h ttp ://o re g o n s ta te .e d u /D e p t/p o l s c i/ fa c /s a h r /c f l6 6 5 0 3 .x ls
Missions to Mars 
EDLS Ratio Vs Surface Mass
y = -0 0005X + 0 4851
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Figure 42 - Cost trends - Cost of lander versus mass
F ro m  T a b le  5, it is  p o ssib le  to p ro d uce  a trend o f  the cost o f  a lan d er v e rsu s its m ass as show n in  
F ig u re  42. T h is  trend sh o u ld  nevertheless be con sid e red  as o ptim istic  co n sid e rin g  the nature o f  the 
B e ag le 2  m iss io n  b u ilt  on an u n u s u a lly  tight budget that draw s the trend cu rv e  dow nw ard . It  is also 
w orth noting that the data cu rre n tly  a v a ila b le  fo r the operational cost o f  the m issio n s do not 
p ro vid e  a fu ll accou nt o f  the cost o f  the m issio n s and therefore do not a llo w  re a listic  trends to be 
b u ilt. F o r  this reason, it w as e xclu d e d  fro m  the graph above.
In  this section, past m issio n s data has been co m p ile d  and analysed . B y  and large, these 
experim ental resu lts corroborate w e ll the co n c lu sio n s o f  the a n a ly tica l studies that investigated 
com plete E D L  system s. T h e  n e xt section w il l  n o w  assess the current state-of-the-art in  the fie ld  
from  the en g in e e rin g  p e rsp ective  before re v ie w in g  the current up-to-date m ethods ap p lie d  to the 
design o f  these E D L  System s.
2.5 ED LS Design: State of the art
R e ce n tly , the fie ld  o f  p lan etary  e xp lo ra tio n  has seen a num ber o f  su ccesses w ith  the H u yg e n s 
m iss io n  to T ita n , the M E R s  to M a rs, as w e ll as new  space e xp lo ra tio n  program m es from  a num ber 
o f  space p o w e rs su ch  as E u ro p e, the U n ite d  States, T h e  P eople  R e p u b lic  o f  C h in a  and Japan. In  
the past few  years, the fie ld  has seen a p ro g re ssiv e  regain  o f  interest in  E D L  system s to land  on 
v e ry  disparate ce le stia l b o d ies fro m  com et to m oons and planets. T h is  p a rtic u la rly  favo urab le  
en vironm en t has led to the re -e v a lu a tio n  o f  o ld  concepts and the in cep tio n  o f  n ew  ones.
Mars Landers 
Cost Vs. Mass
y =  15.437e°°
«  Viking
X MER
ilfinder
otSrLander
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T h e  e xp lo ra tio n  o f  M a rs  has seen a m ix tu re  o f  successes and fa ilu re s, but w ith  o u r eyes set on a 
m anned m iss io n  in  the next few  decades, it is o f  the utm ost im portance to co n ce iv e  w o rk a b le  and 
safe designs. T o w a rd  this goal, a num ber o f  n e w  concepts are cu rre n tly  b ein g  investigated to 
c o v e r e very  aspects o f  the E D L  phase to be dem onstrated b y rob o tic p recu rso rs.
2.5.1 Entry
E n try  is  taken here in  a b ro ad  sense b y  in c lu d in g  aerob raking  and aerocapture. A e ro b ra k in g  is  
d efined  as the deceleratio n o f  a spacecraft u s in g  the u p p er layers o f  a p la n e t’ atm osphere, w h ile  
aerocapture aim s at b ra k in g  the spacecraft enough to p lace  it in  orbit around  the planet. B o th  these 
techniques reduce or rem ove the need for a h e avy  p ro p u lsio n  system  and m a x im ise  the p ay lo a d  in  
orbit. T h e  M a rs  G lo b a l S u rv e y o r m iss io n  s u c c e s s fu lly  dem onstrated the use o f  aerob raking at 
M a rs , to lo w e r its orbit, but aerocapture s t ill rem ains untested. T h is  technique req u ire s s p e c if ic a lly  
designed heatshield to su stain  lo n g  d uration heat loads com pared to the re la tiv e ly  b rie f  heat loads 
d u rin g  entry and som e form  o f  lift  and drag m o d ulatio n  to steer through the atm osphere and the 
aerocapture co rrid o r. T a u b e r et al [T aub er, M . et al. 1993] d escrib e su ch  an aerobrake fo r the 
aerocapture o f  a m anned m iss io n  at M a rs  as sh o w n  in  F ig u re  4 3. C u rre n t research also in clu d e s 
efforts on the design o f  ae ro sh ells  w ith  geom etries other than sphere-cone co n fig u ra tio n : e llip s le d , 
m id  L /D . B u t the stud y b y C ru z  [C ru z , C ia n c io lo  et al. 2 005] appears to sh o w  that at the current 
state o f  the technology, sphere-cone co n fig u ra tio n s are s t ill  the best option at present.
Figure 43 -  Aerobrake for a manned aerocapture mission [Tauber, M. et al. 1993]
A s  m entioned before, the descent system s are seeing a regain o f  interest in  in fla ta b le  technologies 
on both sides o f  the A tla n tic  through the I R V E  (In fla ta b le  R ee n try  V e h ic le  E x p e rim e n t)[H u g h e s, 
D illm a n  et al. 2 0 0 5 ] and IR D T  (In fla ta b le  R e e n try  and D esecnt T e c h n o lo g y ) [M arraffa, K a s s in g
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et al. 2 000] program m es. D is c u s sio n s  w ith  M rs  E r in  R ich a rd so n  from  N A S A  M a rs h a ll show ed a 
firm  d eterm ination fro m  N A S A  to incre ase  the T e c h n o lo g y  R ea d in ess L e v e l ( T R L )  [M a n k in s  
19 9 5] o f  inflatables, e sp e c ia lly  in  aerocapture, b y  m eans o f  a num ber o f  stud ies su ch  as the 
“ In fla ta b le  A erocaptu re D ecelerators w ith  Shape M o rp h in g  T ra je cto ry  C o n tro l Phase I I ”  w ith  
V e rtig o , In c  o r the “ A e ro e la stic  S im u la tio n  T o o ls  fo r In fla ta b le  B a llu te  A ero ca p tu re  Phase I ”  w ith  
C F D  R e se a rch  C o rp . T h e  current T R L  fo r su ch  technologies has been assessed to be at le v e l 3 on 
a sca le  o f  8 [R ich a rd so n , Jam es et al. 2 0 0 5 ] sh o w in g  that the techn ical co m m un ity  reco gnises the 
fe a s ib ility  o f  the concept p ro v e n  through experim ent or an alysis. F lu id -stru ctu re  interaction, 
aeroheating and structural ad hesive h ave been a ll id en tifie d  to be o f  the hig hest teclm ica l co n ce rn  
to increase the T R L  o f  this techn olo gy. T h e se  w il l  be p artly  addressed in  the program m e entitled 
“ In fla ta b le  A e ro s h e ll and T h e rm a l Protection System  D evelop m ent ( I A T D ) ”  b y  N A S A  as 
d iscu ssed  b y  P la y e r et a l [P laye r, C heatw oo d  et al. 2 0 0 5 ]. T h is  pap er also  seem s to d iffe r on the 
T R L  o f  in fla ta b le  techn olo gies b y  m a rkin g  it as a L e v e l 2. B u t it is  b e lie v e d  that this paper, 
although d elive red  after, w as w ritten e a rlie r than R ic h a rd so n ’ s paper that presented the latest 
developm ent in  N A S A  program m es.
2.5.2 Descent
S im ila rly  to entry ap p licatio ns, in flatab les ap p lie d  to aerod ynam ic deceleratio n are cu rre n tly  b ein g  
re v ie w e d  in  the program m es d iscu ssed  above. T h e  current state o f  research is  in ve stig a tin g  the 
benefits o f  u sin g  in flatab les to rep la ce  parachutes and other form s o f  aerod yn am ics deceleratio n 
as show n alre ad y  in  2.22.2.
In  the fie ld  o f  parachute techn olo g ies, the u p co m in g  M a rs  S cien ce  L a b o ra to ry  m iss io n  initiated  
new  su b so n ic  parachutes d evelopm ents, m akin g  them the first o f  their k in d  sin ce  the V ik in g  
m issio n s. W itk o w slci [W itk o w s k i, A . et al. 2 0 05b ] describ ed  the a ctiv itie s o f  the M a rs S u b so n ic 
Parachute T e c h n o lo g y  T a s k  to d esig n  a 3 3 .5  m  diam eter su b so n ic parachute. R a isza d e h  fo llo w -u p  
p ap e r [R a isza d e h , B e h zad  et al. 2 0 0 5 ] p ro v id e s m ore details on the state-of-the art o f  the 
techn olo g y in  the d esig n  and testing m ethods to test the parachute in  a h ig h  m ach, lo w -d e n sity  
e nvironm en t in  Earth  atm osphere. B u t new  developm ents in  E a rth  parachute technologies and 
s im u la tio n  p rom ise p o te n tia lly  to p ro v id e  m ore accurate lan d in g  on M a rs. A  num ber o f  
program m es are cu rre n tly  d e v e lo p in g  se lf-n a vig a tin g  parachute system s that can target accurate ly  
s p e c ific  reg io n s on the g rou nd  thanks to the fu sio n  o f  m eteo ro logical, G P S  and b eacon data. 
F A S T W in g  [K re n z  2 005] and the “ Jo in t P re c is io n  A irD ro p  System  (J P A D S ) [B e n n e y , B a rb e r et 
al. 2 0 0 5 ] are su ch  program m es re ly in g  o n a p a ra fo il system  to guid e p a y lo a d s o f  up to 4 5 0 0 k g  and 
in  the future up to 1 36 0 0 k g  O b v io u s ly  this techn olo g y is cu rre n tly  out o f  reach for M a rs  
a p p licatio n , due to the la c k  o f  accurate p o sitio n  system  but these projects w il l  ce rta in ly  seed new  
approaches and concepts fo r accurate parachute lan d ing s at M a rs.
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2.5.3 Landing
L a n d in g  here w il l  also  in c lu d e  the term in al descent that leads to the la n d in g  itself. T h e  
im provem ents o f  tried and tested techn olo gies su ch  as p ro p u ls iv e  lan d in g  are s till v e ry  m uch  in  
the cu rre n tly  a ctive  research areas. A fte r  V ik in g , budget restriction s h a ve  had a strong im pact on 
the technologies used  fo r M a rs  M is s io n s  le ad in g  to the used o f  system s su p p o se d ly  cheaper and 
s im p le r than p ro p u lsiv e  lan d ing. B u t  e xp e rien ce  has sh o w n  that this m ay not be the case and 
p ro p u ls iv e  la n d in g  m ay be used  fo r  a w id e  range o f  m issio n s. C u rre n tly , plan s fo r a M a rs  Sam ple 
R e tu rn  m iss io n  o r m anned e xp lo ra tio n  o f  M a rs  h ave reign ited  the debate about p o w e re d  landing, 
not the least he lp ed  b y  the fa ilu re  o f  the M a rs  P o la r L a n d e r that sh o u ld  h ave dem onstrated p u lse - 
w id th-m o du lated  (P W M ) thrust instead o f  the throttled thrust V ik in g  used. T h e  P W M  schem e 
appears to save s ig n ific a n t am ount o f  p ro p ellan t and therefore m ass, le ad in g  to lig h ter and m ore 
co m p e titive  descent system s. In  p a ra lle l, s ig n ifica n t am ount o f  research efforts are spent on 
im p ro vin g  the a c cu ra c y  o f  the la n d in g  to target s p e c ific  sites on M a rs. B o th  com putational and 
hard w are d evelopm ents a im  at im p ro v in g  the co n tro l o f  the sp acecraft on the w a y  d o w n  b y  m eans 
o f  m ore p o w e rfu l gu id ance  and co n tro l law s, but also b y  d eve lo p in g  sen sin g  hard w are to 
characterise accurate ly  the p o sitio n  o f  the craft on the w ay  dow n. L ID A R s ,  on -th e-fly  m ap 
generation [Johnson, K lu m p p  et al. 2 0 0 2 ], rad ar [F o e sse l-B u n tin g  and W h itta k e r 2 0 0 1] and 
op tical terrain reco g n itio n  [O lson , M atthies et al. 2 004 ] are o n ly  few  o f  the system s b ein g 
investigated  that w il l  p ro v id e  w ith  the im p ro ve d  gu id ance  a ground accu ra cy  o f  about 10m  from  
the intended target as w e ll as real-tim e hazard  avo id a n ce  capab ilities.
A w a y  fro m  the h ig h ly  co m p le x system s o f  pow ered  descent and lan d in g , airb ags are also at the 
cutting edge o f  the la n d in g  techn olo gies again. A fte r  M a rs  P a th fin d e r and its re la tiv e ly  n o vel 
la n d in g  system , the M E R  m iss io n  show ed  that they w ere rea ch in g  the v e ry  lim its  o f  a p p lic a b ility  
fo r airb ag  tech n o lo g y w ith  their landers. F o r  years, vented o r “ deadbeat”  airb ags h ave been used 
s u c c e s s fu lly  on E a rth  fo r cargo d e liv e ry  and re c o v e ry  system s. U n lik e  ‘ b each b a ll’ -type airbags, 
these structures deflate at im pact w h e n  a s p e c ific  internal pressure o r deceleratio n is  reached, 
c u sh io n in g  the p a y lo a d  w ith o u t rebounds. T h is  approach ty p ic a lly  re la xe s the d esign m argins 
re q u ire d  fo r a re la tiv e ly  harsh b o u n cin g  la n d in g  as w e ll as re d u cin g  p o te n tia lly  the m ass o f  the 
la n d in g  system . B u t this tech n o lo g y is cu rre n tly  quite co m p le x to use on M a rs: the p ressure 
d ifferen ce  betw een the in sid e  and the outside o f  the envelope leads ra p id ly  to supe rso n ic flo w s  at 
the bags outlets. It  has nevertheless been co n sid e red  fo r a num ber o f  m iss io n s  su ch as B e ag le 2 , 
the B e p i-C o lo m b o  lan d er concept (F ig u re  4 4 ) and is  cu rre n tly  p lan n e d  fo r  the E x o M a rs  m iss io n  
as d iscu ssed  b y  B o w n  and S harp [B o w n  and D a rle y  2 0 0 5 ; Sharp and Slade 2 0 0 5 ].
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Figure 44 -  Vented Airbag concept test for a Figure 45 -  Vented Airbag Concept for the
Mercury Lander (Vorticity-Systems 2005| Exomars Mission [Sharp and Slade 2005]
B ut the state o f  the art cannot be m easured o n ly  b y the hardw are or the concepts produced. The 
im provem ents o f  the d esign m ethods and tools also  form  part o f  the cutting edge o f  the fie ld  as 
d iscussed  in the fo llo w in g  section.
2.6 EDLS Design: the Systems Engineering Perspective
T o  d e liv e r a p aylo ad  sa fe ly  from  orbit to ground, w e have already d escrib ed  the tasks the E D L  
system  has to perform : it m ust protect the payload  from  the overheated gases generated d u rin g  
entry w ith a T herm al Protection System  (T P S ), decelerate the probe d ow n to a suitable speed by 
m ean o f  aerod yn am ic o r p ro p u lsiv e  d ecelerators, and protect the p aylo a d  d u rin g  the lan d ing  
phase. D espite the heritage, lan d in g  on another planetary body rem ains a co m p le x and d iffic u lt  
task. E D L  system s d esign is a h ig h ly  sp e cia lise d  and d iverse eng ine e rin g  prob lem  in v o lv in g  
aerod yn am ics, therm odynam ics and m ech anics to nam e ju st a few. B ut it a lso  in v o lv e s  other 
fie ld s not d ire ctly  related su ch as topography an a ly sis  or lan d ing  hazard characterisation. 
A ssessm ent o f  these techn olo g ies req uires a num ber o f  sp ecia lists, w h ic h  m akes system s 
v a lid a tio n  d ifficu lt. T h is  d esign process can be represented as a D e sig n  Structure M a trix  (D S M ), 
as show n in  F ig u re  46, and illu strates the forw ard  (green/top right no des) and b ackw ard  
(red/bottom  left nodes) inter-dependencies o f  the v a rio u s  tasks and system s.
Fro m  a set o f  in itia l co n d itio n s p ro v id e d  b y the interplanetary cru ise  team, potential concepts can 
be evaluated iteratively  through the v a rio u s  d is c ip lin e s  and refined until the design converges. 
C u rre n t E D L S  d esign processes use va rio u s  heterogeneous m ethods in v o lv in g  a num ber o f  
sp ecia lists and softw are that do not interface re a d ily  w ith each other. T h is  can p o ten tia lly  
introduce errors, d ela ys and in general does not a llo w  to produce a concept from  top to bottom in 
an integrated m anner.
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Sizing and weight
Figure 46: Design Structure Matrix for an EDL vehicle
T h is  iterative process can be lengthy and s ig n ifica n t expert tim e and resou rces can be spent on 
re la tiv e ly  lo w -re so lu tio n  studies. W ith  the in cre asin g  pace at w h ich  p lan etary m issio n s are b eing 
designed and the current p h ilo so p h y  o f  cost-capped program s, it is req u ire d  from  engineers to 
produce new  concepts re la tiv e ly  q u ic k ly . C o n sid e rin g  that the cost o f  ch a n g in g  a d esign increases 
d ra stica lly  as the project progresses, e v e ry  m easure has to be taken to select o n ly  the best concepts 
and id en tify  potential prob lem s v e ry  e a rly  on in  the program . T he studies and heritage data 
d iscu ssed  e arlie r can p ro vid e  m issio n  analysts w ith  som e in d ica tio n s o f  the o ve ra ll m ass 
d istrib u tio n  o f  few  sub-system s. A  num ber o f  tools are also a va ila b le  to evaluate the p e rfon nan ces 
o f  the subsystem s o f  the E D L S  and investigate trajectories and aeroheating o f  the probe. T hese 
are presented b elo w  in  T a b le  6 and d escrib ed  in  m ore details in A p p e n d ice s B.
Table 6 : EDL software tools
Name Developpers Definition
ASTOS TTIGmbH / ESA AeroSpace Trajectoiy Optimization Software
POST Lookheed / NASA LaRC Program to Optim ize Space Trajectories
OTIS Boeing /N A S A  Glen Optimal Trajectories by Implicit Sim ulation
AEPL JPL Atm ospheric-Entry, Powered-Landing
DSENDS JPL Dynam ics and Spacecraft Sim ulator for Entry, 
Descent and Surface Landing
T hese softw are have been designed to p ro v id e  p o w e rfu l s im u la tio n  and o ptim isatio n fram ew orks 
fo r advanced phases o f  space projects. M o st o f  them ho w e ve r are p ro v in g  to be quite co m p le x to 
be used b y system s engineers w ithout a lengthy tra ining to d erive  o n ly  tra d e -o ff and e arly  
concepts. A lso , m ost o f  them have a pro p rie tary  or restricted status m ak in g  them u n a va ilab le  
outside the U nited  States fo r a q u ic k  e valu atio n  study. H eatshield  and decelerator d esign such as 
parachutes req u ires expert kno w led g e  and relie s on a com b inatio n o f  heritage, w in d  tunnel testing, 
but also  on C o m p utatio nal F lu id  D y n a m ic  ( C F D )  and F in ite  Elem ent A n a ly s is  ( F E A )  softw are. 
F o r a typ ica l m issio n  such as the M a rs  P athfin der m issio n , m ainstream  C F D  codes such as C F D -
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F A S T R A N  have been w id e ly  used as w e ll as som e p rop rietary  codes such as H A L IS  and L A U R A  
from  N A S A . F E A  package su ch as N astran have been used to investigate and optim ise the 
structure and structural loads on the probe. L a n d in g  and im pact studies are perform ed again w ith 
F E A  softw are and soft b od y d yn am ics tools su ch  as L S /D Y N A  to investigate airbag designs.
Figure 47- CFD Analysis around the Mars Figure 48 -  Airbag Stress Analysis on the
Pathfinder Aeroshell [NASA] Airbags structure[Cadogan, Sandy et al. 1998)
F ro m  this q u ic k  re v ie w  o f  the tools a v a ila b le  to the system s engineers, it is  p o ssib le  to note few  
points:
- T o  date, no softw are p ro v id e s an end-to-end an a ly sis  o f  the E D L  phase as m ost o f  them 
end their s im u la tio n  at the T e rm in a l A re a E n e rg y  M anagem ent ( T A E M )  altitudes 
(in h erite d  from  the Space Shuttle E D L  p ro file ), although D S E N D S  shou ld  p ro vid e  
som e lan d ing  a n a ly sis  ca p a b ilitie s in the future.
- N one can o ffe r d esig n o r s iz in g  ca p a b ilitie s  o f  the va rio u s E D L  sub-system s. A S T O S  
p ro vid e  som e s iz in g  fu nction s for lau n ch e r ve h icle s, but not fo r E D L  and spreadsheet 
based so lu tio n s such as P ro -C o d e s sp e cia lise s in heatshield siz in g .
- N o sim u la tio n  fra m e w o rk  has been id en tifie d  that p ro vid es a s im p le  but fle x ib le  
e nvironm ent to perform  trade-space an alyses o f  E D L  system s.
O ne can id en tify  a num ber o f  gaps betw een the b ack-o f-the-envelop e spreadsheet ca lcu la tio n s and 
fu ll-b lo w n  trajectory optim isation. T o  date, no softw are o r sim ulatio n fra m e w o rk is  a v a ila b le  to 
p rovid e:
- A n  integrated O rb it-to -G ro u n d  system s v ie w  o f  the E D L  phases
- P ro vid e  an insig ht into the p erform ances o f  the system  as a w h o le
- P ro vid e  tra d e -o ff tools to com pare, optim ise and validate designs
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- Speed up the e a rly  d esig n  phases o f  the E D L  subsystem s su ch  as heatshield, decelerator 
and lan d in g  d evice s
T h is  chapter set out to fa m ilia rise  the reader w ith  the v a rio u s  entry, descent and lan d in g  phases 
and the system s associated to each o f  them , fro m  heatshield  and therm al p rotection system s d ow n 
to la n d in g  im pact and penetration. T h e  literature re v ie w  then presented the w o rk  in  the fie ld  o f  
E D L  system  design fro m  a System s E n g in e e rin g  p e rsp ective  to understand the inter-relations o f  
one system  on another. T h is  e xe m p lifie d  the need fo r  an end-to-end an a ly sis  o f  the E D L  phase to 
appreciate the d esign o f  the E D L  system  as a w h o le  and id en tify  the extents o f  the trade-spaces 
and d esign dom ains. B u t the need fo r new  designs has to be b alanced  b y  the p o ssib le  reuse o f  
hard w are and m ethods from  past m issio n s. T h e  co m p ila tio n  o f  past m iss io n  data and d esign 
m ethods em phasised the im portance o f  heritage in  the d esign o f  new  m issio n s b y  sh o w in g  few  
generations o f  system s lik e  the V ik in g  ae ro sh ell or parachute reused fo r new  m issio n s. F in a lly , 
the re v ie w  o f  the tools a v a ila b le  to m iss io n  analysts show ed  a v e ry  heterogeneous environm en t o f  
softw are and m ethods. S in ce  no sim u la tio n  fra m e w o rk  w as d ire ctly  a v a ila b le  to p erform  the 
current stud y w ith  the req u ire d  f le x ib ility  and resolu tion, this fra m e w o rk  w il l  need to be designed 
p rio r  to the m ain investigatio n.
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T h e  p re v io u s chapter presented the w id e  f ie ld  o f  E D L  system  d esign from  both a m ech an ical and 
system  p e rsp ective  and w h ile  re v ie w in g  the d esig n  m ethods and tools a v a ila b le  in  the fie ld , v e ry  
few  seem ed to be able to p e rfo rm  end-to-end (E T E ) ,  or orbit-to-ground (O T G ) studies. D esp ite  
the use o f  sp e cia lise d  and dedicated tools, the fie ld  o f  E D L S  d esig n is  la c k in g  an integrated 
e n vironm en t w h e re  su ch system s co u ld  be an a ly se d  fro m  a system  e n g ineerin g persp ective  w h ile  
p ro v id in g  enough e n g ineerin g re so lu tio n  to facilita te  tra d e -o ff a n a ly sis  o f  the sub-system s or 
p e rfo rm  d esign dom ain id en tificatio n . T h e  o n ly  tool a v a ila b le  that does a rea l E T E  e valu atio n  o f  
E D L  system  is D S E N D S  (D y n a m ic s  S im u lato r fo r E n try, D escen t and S u rface  la n d in g ), a 
softw are tool fro m  the Jet P ro p u ls io n  La b o ra to ry  that p ro v id e  a “ h ig h -fid e lity  sp acecraft sim u la to r 
fo r E n try, D escen t and L a n d in g  ( E D L )  on p lan etary  and sm a ll-b o d ie s”  [B a laram , A u s tin  et al. 
2 0 02 ]. T h is  softw are p ro v id e s p o w e rfu l fu n ctio n a litie s  that concentrate on real-tim e ap p licatio n s 
and h ard w are in  the loop d yn am ics. U n fo rtu n a te ly  it does not p ro v id e  at the tim e o f  w ritin g  an y 
d esig n  or s iz in g  ca p a b ilitie s and is  restricted to U S  institutions. F u rtherm ore, as o f  2 002 , the 
lan d in g  aspect w as not im plem ented yet. T h is  chapter w il l  therefore concentrate on the 
developm ent o f  the com putatio nal fra m e w o rk  used  throughout the study. Starting b y  la y in g  dow n 
the m ain  environm en tal d esig n  d riv e rs  that im pact the d esign o f  E D L  system , the architecture o f  
this n o v e l fra m e w o rk and its v a rio u s  m od ules w il l  be e xp la in e d  b y  p resen tin g and d iscu ssin g  the 
m od els and assum ptions used fo r the d e sig n  o f  the subsystem s o f  the E D L S , from  heritage to new  
p aram etric exp re ssio n s. T h e  chapter w il l  then co n clu d e  on the p e rform ances o f  the o v e ra ll 
fra m e w o rk  that w il l  be assessed b y  co m p arin g  real m iss io n  data against sim u late d  scen arios. T h is  
w il l  p ro vid e  a calibrated com putatio nal e n vironm en t to investigate s p e c ific  aspects o f  the E D L  
System s d esign and generate new  m issio n s scen arios.
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3.1 Overview
A s  d iscussed  in the literature re v ie w , there are a num ber o f  param eters that in flu e n ce  greatly the 
d esign o f  E D L  System s: the b a llis t ic  co e ffic ie n t, the entry v e lo c ity  and the flig h t path angle. T h e  
first part o f  this section w ill  present som e o f  the u n d e rly in g  p rin c ip le s  o f  entry d yn am ics, 
in tro d ucin g  the va rio u s  options fo r entry trajectories, the s ig n ifica n ce  o f  the flig h t regim es and the 
uncertainties o f  the M a rtian  atm osphere. T h e  second part o f  this section w ill  then introduce the 
details o f  the architecture o f  the fram e w o rk and its constituent m odules and m odels.
3.1.1 Dynamic and Environmental issues
3.1.1.1 Entry Trajectory
T h e  atm ospheric entry system  m ust p ro v id e  co n tro lled  d issip a tio n  o f  the in itia l energy to 
con strain  the entry therm al and d yn am ic loads to w ith in  the m issio n  m argins. T h is  system  is 
therefore used to sh ie ld  the p aylo a d  from  the heat w h ile  p ro v id in g  and k eepin g an aerod ynam ic 
shape that w ill  resist the h ig h  d yn am ic pressures and fo llo w  a p rescribed  trajectory. T he d esign o f  
the heatshield, therm al protection system  and o v e ra ll probe co n fig u ra tio n  is  v e ry  m uch dependant 
on the chosen entry trajectory. T h ree  types o f  entry trajectories can be id en tified  as show n in 
F ig u re  49, each o f  w h ich  w ill  req uire  v e ry  d ifferen t entry co n fig u ra tio n s [A n d e rso n  and D. 2000].
Ort*t
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Figure 49 -  Type of Entry Path: (a) Ballistic, (b) Glide, (c) Skip, from jAnderson and D. 2000|
• B a ll is t ic :  T h e  v e h ic le  prod uces little  o r no aerod yn am ic lift. Its m otion is o n ly  governed 
b y the in flu e n ce  o f  drag and g ravity . T h e  lan d in g  point is predeterm ined by the entry 
co n d itio n s and no con trol is p o ssib le  d u rin g  descent. F o r this type o f  trajectory, entry 
system s rely  on the use o f  h ig h -d rag  d e vice s su ch as a blunt heatsh ield s/aero shell. These 
can adopt an A p o llo -ty p e  shape as show n later in F ig u re  54  o r a sphere-cone as in F ig u re  
55 and they both generate strong detached b ow  shocks.
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• S k ip : T h e  v e h ic le  generates a v a lu e  o f  L ift/D ra g  ration ( L /D )  betw een 1 and 4 and uses 
its lift in g  ca p a b ilitie s  to sk ip  on the atm osphere interface a num ber o f  tim es to s lo w  dow n. 
T h is  entry trajectory w o u ld  p rod uce a huge aerod yn am ic heating that m ay not be 
com patib le w ith current technology. It has therefore n ever been attempted and is not 
contem plated in the future.
• G lid e :  T h e  v e h ic le  is able to generate a L /D  o ve r 4 and can be associated w ith  the Space 
Shuttle geom etry. T h is  type o f  entry p ro vid es in p rin c ip le  fu ll con trol o v e r the lan d ing 
site location.
W hen a trajectory type has been selected, a num ber o f  m issio n  and m ech an ical constraints w ill  
d elim it w hat is ca lle d  the entry c o rrid o r w here a ll the criteria  such as heat rate, deceleration and 
trajectory are met. T h e  b ound aries represent trajectories w here one o r m ore o f  these criteria  are 
not met and w o u ld  result in m issio n  degradation o r failure. T h e  fo llo w in g  F ig u re  50 illustrates this 
concept and show s an overshoot trajectory that w o u ld  result in  the v e h ic le  sk ip p in g  on the 
atm osphere and m issin g  the planet as w e ll as the undershoot b ou nd ary w here deceleration or heat 
rate w o u ld  be too great fo r the m issio n  to su rv ive .
Figure 50 - Entry Corridor: Overshoot and Undershoot boundaries from [Anderson and D. 2000|
A  fourth trajectory type can be in clu d e d , although related to one o f  the trajectories described 
above: co n tro lled  b a llis t ic  entry. T h is  trajectory is based on the b a llis t ic  entry, but the entry or 
descent system s possess the c a p a b ility  to m odulate the L ift/D ra g  ratio resu ltin g  in a non-zero lift 
ve cto r and a m o d ifie d -b a llistic  entry. A  num ber o f  techniques can be used to m odulate the L /D  
su ch as the displacem ent o f  the centre-of-m ass, thrusters, or aerod yn am ic tabs o r slabs. Studies on 
the next generation o f  “ Sm art L a n d e rs”  investigated  the used o f  aerod yn am ic tabs [L ie c h ty , H o llis  
et al. 2002]. P laced  at the edge o f  the heatshield  (F ig u re  5 1 ), they generate a non-zero lift  and 
p ro vid e  steering ca p a b ility  based on the b ank angle. T he b ank angle w o u ld  then be co n tro lled  in 
this p articu lar case b y a series o f  sm a ll thrusters in  the b ack sh e ll (F ig u re  52 ).
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Figure 51 -  Mars Smart Lander aerodynamic 
configurations [Liechtv, Hollis et al. 2002]
Figure 52 -  Mars Smart Lander Reaction 
Control System configuration [Calhoun and 
Queen 2002]
3.1.1.2 Flight Regimes
A s  the probe descends from  the space environm en t through the atm osphere, a num ber o f  p h y sica l 
interactions o ccu r betw een the v e h ic le  and the surro u n d in g  atm ospheric gases. W o rk s  from  
[A n d e rso n  1989] o r [G n o ffo  1999] d escrib e  these processes in details from  the aerod yn am ics and 
gas d yn am ics point o f  v ie w . T h e  entry into a plan etary atm osphere is quite extrem e and co ve rs all 
flig h t regim es. T hese are d efined  in  term  o f  the v e h ic le  speed but also in  term o f  the properties o f  
the atm osphere itself. In  the fo llo w in g  d iscu ssio n  w e w ill  be re v ie w in g  the m ajor concepts related 
to atm ospheric entry and their re levan ce in the context o f  this study.
I f  we d efine the entry phase as starting before the entry interface, the v e h ic le  is p ro g re ssiv e ly  
p assing  from  the space m edium  to the atm osphere. A t the highest altitudes, the interaction 
between the v e h ic le  and its su rro u n d in g s is characterised b y the free m o le cu lar flo w  
a pproxim ation w here atm ospheric gas m o le cu les are struck by the ve h icle . These interact w ith  its 
surface and are reflected o r ejected. C o llis io n s  o f  reflected m olecu les w ith  in co m in g  m o le cu les 
are so rare at this stage that they are ignored.
A s  the v e h ic le  descends deeper in the atm osphere, the gas becom es denser and the m ean free path 
between in co m in g  m o le cu les o f  gas decreases. T h e  interaction betw een reflected m o le cu les and 
in co m in g  m o le cules can no lo n g er be ignored. T h is  flo w  con d itio n d efines the transitional regim e 
as it represents the transition betw een free m o le cu la r and continuum  tlow . T o  represent the degree 
o f  rarefaction o f  the atm osphere, the K n u d se n  num ber is  introduced. It relates the m ean free path 
o f  the m o le cu le  o f  the atm osphere (A.) to a ch aracteristic length o f  the v e h ic le  ( L )  to g iv e  the 
fo llo w in g  e xp re ssio n s as d erived  in  [K ra sn o v  19 70]:
48
Chapter 3.Development o f an Integrated Computational Framework
Kn =  1.225 fly
Re„ (6)
w here y  is  the ratio o f  s p e c ific  heat o f  the gas, M  the M a c h  num ber and Re the R e y n o ld s  N u m b e r 
(d etailed  b elo w ). In  the case o f  b lu n t bod ies, the ch aracteristic length o f  the v e h ic le  is  taken here 
as the diam eter o f  the v e h icle . T h e  K n u d se n  num ber is a con ven ien t m etric to estab lish the degree 
o f  a p p lic a b ility  o f  con tinuum  theory and w h e n  to sw itch  from  one m ethod to the next as show n in 
the fo llo w in g  F ig u re  53.
Discrete
particle
model
/ / / / / / / / / / /  / / / / / / / / / / / / / / / / / / A
Boltzman equation
/ / / / A / / / / / / / / / / / /  / / / / / /  / / / / / / .
\  Collisionless 
\  Boltz. eq.
Continuum £Eu!er \Navier- Stokes^
model < eqs.s equations < do not form
a closed set
C onservatio n equations
Inviscid limit
_ ^ f — i— i— i
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Knudsen number Free-m oleculelimit
Figure 53: Limits of applicability of the gas-flow mathematical models [Moss and Bird 1984 -2003]
Table 7: Knudsen Number and Bight regimes definition [Krasnov 1970; Anderson 1989]
Regime Kn Comments
Free m o le cu la r K n > 1 0
Same m a gn itud e  o f  in te r-m o le c u le
In te rm e d ia te K K n < 1 0 c o llis io n s  and m o le cu le s -ve h ic le  
c o llis io n s
M o re  in te ra c tio n  be tw een the  m o le cu les
S lip  F lo w O . K K n d and the  ve h ic le , bu t the  gas does no t 
“ adhere”  w ith  the  body.
C o n tin u u m K n< 0 .0 1 T h e  gas is considered  as dense
A s  the transitio nal regim e ends, aero d yn am ic forces and heating rates incre ase  ra p id ly  due to the 
in flu e n ce  o f  gas frictio n. A s  the v e h ic le  descends further, it enters the con tinuu m  regim e, w here a 
strong b o w  sh o ck  enve lo p s the prob e (F ig u re  5 4 ). A s  v is c o u s  effects w ith in  the b ou nd ary la y e r 
slo w  the h y p e rso n ic  flo w , the k in e tic  energy is converted, in  part, into intern al energy o f  the gas. 
T h is  pro ce ss ca lle d  v isco u s d issip a tio n  generates v e ry  h ig h  tem peratures in  the order o f  104IC, 
ca u sin g  the m o le cu les o f  gas to becom e v ib ra tio n a lly  excited, lead ing to d isso cia tio n  and even 
io n isatio n  w ith in  the gas [A n d e rso n  1989]. T h is  leads q u ic k ly  to tem peratures in  excess o f  103K  at 
the su rface  o f  the heatshield. I f  this su rface  is m ade o f  an ab lative m aterial, co m p le x  ch e m ical 
interactions o ccu r that generate a c h e m ic a lly  reacting b ou nd ary layer. W ith  the appropriate
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therm al protection system  to protect the p aylo a d , this exotherm ic process dissip ates 9 9 %  o f  the 
in itia l entry energy.
Figure 54 -  High Temperature Flowfield around a blunt entry vehicle (Anderson and D. 2000)
O nce the peak pressure and peak deceleration have been encountered, the v e h ic le  has slow ed  
d ra m a tica lly  and reaches sup e rso n ic speed. A e ro d y n a m ic decelerators su ch  as parachute can be 
used to decelerate the probe further through the sup e rso n ic, transonic and su b so n ic regim es, w h ile  
som e hard landers such as penetrator probes m ay re ly  s o le ly  on their aerodynam ic shape to 
ach ieve  the required  im pact v e lo city . T hese flig h t regim es can be characterised  b y their M a ch  
num ber. T h e  M a ch  num ber represents the ratio o f  the v e h icle  v e lo c ity  w ith  the local speed o f  
sound as show n below :
shock layer
Figure 55 -  Details of the bow shock / heatshield interaction [Gnoffo 1999)
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"«• (7)
w h ere  U  is the f lo w  v e lo c ity  and a the lo ca l sp eed  o f  sound. T h e flig h t reg im es are therefore  
d efin ed  fo llo w in g  the gen era l a ssu m p tion s sh o w n  in  T ab le  8 :
Table 8 : Maclt number and flight regimes definition[Anderson and D. 2000]
Regime Mach Number
H yp e rso n ic M>5
S upe rson ic 5>M>1.2
T ra n so n ic 0.8>M>1.2
S ubson ic M<0. 8
In add ition  to the M a ch  num ber, the R e y n o ld s  num ber p rov id es in form ation  about the in teraction  
o f  the v e h ic le  and the f lo w  as sh o w n  in  the fo llo w in g  exp ression .
(8)
T h e  R ey n o ld s N u m b er is d e fin ed  b y  the d en sity  and v e lo c ity  o f  the f lo w  p  and Vw, as w e ll  as the 
flu id  dyn am ic  v isc o s ity  / /  and a characteristic  len gth  L  o f  the v e h ic le . It is c o n v en ien tly  used  to 
descr ib e  a num ber o f  properties o f  the f lo w  o n  the v e h ic le  and determ ine w h eth er  the f lo w  is 
lam inar or turbulent on  its su rface. T h e d y n a m ic  v isc o s ity  is a variab le  d ep en d in g  o n  the density , 
pressure, tem perature and m ean  free path b e tw een  the m o lec u le s  o f  gas. E n g in eerin g  m o d els  su ch  
as the Sutherland form ula h a v e  b een  bu ilt to help  d er iv in g  th ese  param eters and state:
V =  |.i0 * (a /b )* (T /T  o )3/2* 10 3  (9)
w ith
a =  0.555To +  C (10)
b =  0.555T + C (11)
w h ere
p  =  v isc o s ity  in  k g /m s at input tem perature T
p0 =  reference v isc o s ity  in  c en tip o ise  at referen ce  tem perature T 0
T — input tem perature in  d egrees R an k ine (a therm od ynam ic tem perature sc a le  w h ere  °R  =  °K
x 9/5, ° C  =  ° R  x 5/9 - 2 7 3 .1 5 )
T0 = reference tem perature in d egrees R ankine  
C  =  Sutherland's constan t
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F o r C 0 2, C  =  240, T 0=  5 2 7 .6 7  °R  and ^ = 0 . 0 1 4 8 0  centipoise  or 1.48e-5 N .s/m 2.
S in ce  M a rs ’ atm osphere is m a in ly  based on C 0 2, the properties o f  this elem ent w ill  dom inate the 
properties o f  the atm osphere, but there are also  interaction o f  N 2, C O  and N O  elem ents as w e ll. 
W o rk s  from  R ia b o v  and then D e g re z [R ia b o v  1996; D egrez 2002] have p ro vid ed  a picture o f  the 
v is c o s ity  o f  C 0 2 in  it s e lf  but also as a m ixtu re  in c lu d in g  the elem ents cited above to sim ulate a 
M a rtian  atm osphere. T h e ir  study concentrated s p e c ific a lly  on h ig h  tem perature gaseous 
interaction and is  show n in  the fo llo w in g  F ig u re  56.
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B y  extracting the lo w e r end o f  the dataset, it is p o ssib le  to observe the rela tive  lin ea rity  o f  the 
data. U sin g  a lin e a r regression o f  this data, it is p o ssib le  to d erive  an e xp re ssio n  o f  the v is c o s ity  o f  
a M a rs -lik e  gas m ixture  at 1 atm such that:
p  = 4.556.10-8 T  +  2.027.10-6
( 12)
T h is  e xp re ssio n  based on an aly tic  and experim ental data w ill  su bsequ ently  be used in the 
s im u la tio n  to d e riv e  the d yn am ic v is c o s ity  o f  the atm osphere and subsequent e xp re ssio n s such as 
the R e y n o ld s and K n u d se n  N um b er. F ig u re  5 7  co m p ile s for co m parison the data from  D egrez, the 
Sutherland solu tion for C 0 2 alone and the C 0 2 m odel proposed here.
T h e  E D L  as an e n g ineerin g case has the p a rticu la rity  o f  being one o f  the o n ly  circu m stances 
w here a ll the flight regim es are covered , m ak in g  it a co m p le x e n g ineerin g problem . But these 
flig h t regim es are them selves dependent on the lo ca l atm ospheric co n d itio n s encountered d u rin g  
the entry and the descent, hence the need to use a suitable atm ospheric m odel w ith appropriate 
m argins w hen d esig n in g  an E D L S .
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3.1.1.3 Martian Atmosphere
B e fo re  the first M a rs  m issio n s, a num ber o f  atm o sp h eric m odels had been generated from  Earth- 
based observations. T h ese h ave g e n e ra lly  p ro v id e d  in fo rm atio n  on the co m p o sitio n , tem perature, 
pressure, d ensity, and atm ospheric structure w ith  m oderately good spatial resolu tion. T h e se  
ob servation s lead to the p ro d u ctio n  o f  m od els su ch  as the V M  series and p a rtic u la rly  the V M - 7  
and V M -8 that w ere at the heart o f  the d esig n  o f  m ost o f  the p lan etary studies o f  this era as show n 
in  the studies b y  L e v in e  or G u y  [L e v in e , E l l is  et al. 1965; G u y  1969]. A fte r the first M a rin e r 
m issio n s, quantitative data fo r the M a rtia n  A tm o sp h ere  have been obtained fro m  both Earth-based 
observation s and sp acecraft that have orbited M a rs  or passed w ith in  seve ra l p lan etary  rad ii. T h ese 
data have then been used w ith  e xistin g  theories o f  planetary atm ospheres to pred ict other 
ch a ra cte ristics o f  the M a rtia n  atm osphere as d escrib ed  in  the M a rtia n  A tm osphere M o d e l C irc a  
1 9 74  from  N A S A  [N A S A  1 9 74 ]. T h is  m od el is  the first  engineerin g m od el re ly in g  on G lo b a l 
C irc u la t io n  M o d e ls  ( G C M )  u sin g  f lu id  d y n a m ic p h y sic s  to m odel the atm osphere and its layers. 
T h is  m ethod is  s im ila r  to the one used  on E a rth  fo r m eteo ro logical forecasts.
A s  new  data and new  p h y s ic a l m od els w ere created, a num ber o f  m odels fro m  N A S A  have been 
co m p ile d  in  1988 into a s in g le  en g in e e rin g  reference m odel: the M a rs  G lo b a l R e fe re n ce  
A tm o sp h e ric  M o d e l or M a rs -G R A M . A s  d escrib ed  b y  Justus [Justus, Jo n h so n  et al. 1996], the 
m od el is  based o n su rface  and atm o sp h eric tem perature data observed d u rin g  the M a rin e r  and 
V ik in g  m issio n s (o rb ite r and lan d e r) and on su rface  p ressure data o b served  b y  V ik in g  landers. A t  
h ig h e r altitudes (ab o ve  about 120 k m ), M a r s - G R A M  is  based on the therm o sp h eric m od el b y 
Stew art [Stew art and A . I .F  19 8 7], T h e  m od el p ro v id e s both m ean and m o u ntain-w ave  perturbed 
atm ospheric d ensity fo r an y lo catio n  (height, latitude, longitude) and tim e (seasonal, d iu rn a l). 
O ther atm ospheric v a ria b le s in c lu d e  atm o sph eric tem perature, pressure, w in d  com ponents and 
dust storm  effects. T h a n k s to the aero b ra kin g  data o f  the M a rs  G lo b a l S u rv e y o r in  2 0 0 1 , this 
m od el has seen a nu m ber o f  re v is io n s  and im provem ents lead ing  to its latest v e rsio n : M a rs- 
G R A M  2001 [Justus, C .G . et al. 2 0 0 1],
O n the other sid e  o f  the A tla n tic , seve ra l rese arch  groups backed  b y  the Eu ro p ea n  Space A g e n cy  
(E S A )  com b ined  their efforts in  1996 to d eve lo p  even m ore re a listic  w eather and clim ate  
sim u la tio n  fo r M a rs  [L e w is , C o llin s  et al. 1999]. T h is  w o rk  fro m  the U n iv e rs ity  o f  O x fo rd , U K , 
and the La b o ra to ire  de M e te o ro lo g ie  D y n a m iq u e  du C entre N a tio n a l de la R e ch e rch e  S cie n tifiq u e  
in  F ra n ce , is  n o w  k n o w n  as the E u ro p e a n  M a rs  C lim a te  Database ( E M C D /M C D ) .  T h e  E M C D  has 
also  seen a n u m ber o f  updates and is  cu rre n tly  o ff ic ia lly  at v e rs io n  3.1 and the beta v e rs io n  4.0 
has been released in  m id  2 00 5 . E xtra cte d  fro m  the u ser guid e o f  ve rsio n  4 .0, the authors describ e 
[L e w is , C o llin s  et al. 2 0 0 5 ]:
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“  T h e  M C D  con tains seve ra l statistics on sim ulated data from  the su rface  up to an 
approxim ate altitude o f  2 5 0  km : tem perature, w in d , density, pressure, rad iative  flu x e s, 
atm osphere co m p o sitio n  and gases concentration, C 0 2 ice  su rface  laye r, turbulent k in e tic  
energy, etc. F ie ld s  are averaged and stored 12 tim es a day, fo r 12 M a rtia n  “ seasons”  to 
g iv e  a co m p reh e n sive  representation o f  the an nu al and d iu rn a l cy cle s. E a c h  season cove rs 
3 0  deg. in  so lar lon gitud e (L s ) ,  and are ty p ic a lly  5 0 -7 0  days long. In  other w ord s, at every  
grid -po in t, the database con tains 12 ’ ’ty p ica l”  d ays, one for each season. In  addition, 
info rm ation on the v a r ia b ility  o f  the data w ith in  one season and the day-to-day 
o scilla tio n s are also stored in  the database. “
B u t the database also  contains a num ber o f  scen ario s to m odulate the atm ospheric dust or the so lar 
activ ity. L e w is  con tinues b y  no tin g  that:
“ E ig h t co m b inatio ns o f  dust and so la r scen ario s have been used b ecause these are the two 
param eters that are h ig h ly  v a ria b le  fro m  y e a r to year. O n the one hand, the so la r 
co n d itio ns d escrib e the va ria tio n s in  the E xtre m e  U V  ( E U V )  input that con trol the heating 
o f  the atm osphere above 120 km , w h ic h  ty p ic a lly  v a rie s  o n a 11 y ea rs c y c le  (d epend ing 
on the scen arios, so la r m a x im u m  average an d/o r m in im u m  co n d itio n  are p ro vid ed ). O n 
the other hand, the m a jo r factor that g overn s the v a ria b ility  in  the M a rtia n  atm osphere is 
the am ount and d istrib u tio n  o f  suspended dust”  lead ing to the p ro d u ctio n  o f  4 dust 
scenarios.
T h e se  scen ario s are:
1. T h e  “Martian Year 24” (MY24) scen ario  w as designed to m im ic  M a rs  as observed b y 
M a rs  G lo b a l S u rv e y o r in  betw een 1999 to Ju n e  2 0 0 1 , a M a rtia n  y ea r though to be typ ical. 
T h e  dust fie ld s  w ere d erive d  fro m  M G S  T E S  observation s u s in g  data a ssim ila tio n  
technique. T h e  M Y 2 4  scen ario  is  p ro v id e d  w ith  3 so lar E U V  co n d itio ns: so la r m in , so la r 
average and so la r m ax.
2. T h e  cold scenario corresp on ds to an e xtrem ely  c le a r atm osphere and “ L o w  dust 
sce n ario ” , topped w ith  a so la r m in im u m  therm osphere.
3. T h e  warm scenario correspon ds to ’’dusty atm osphere fo r the season”  scen ario  (but not a 
g lo b al dust storm ), topped w ith  a so la r m a x im u m  therm osphere.
4. T h e  dust storm scenario represents M a rs  d u rin g  a g lo b al dust storm  (d ust op acity  set to 
4). O n ly  a v a ila b le  w h e n  su ch  storm s are lik e ly  to happen, d u rin g  northern fa ll and w inter 
(L s = T 8 0 -36 0 ), but w ith  3 so lar E U V  co n d itio ns: so la r m in, so la r average and so la r m ax. 
T h e  “ c o ld ”  and “ w a rm ”  an nu al scen ario s are p ro v id e d  to b racket the p o ssib le  g lob al
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co n d itio ns on M a rs  outside g lo b al dust storm s, w h ich  are thought to be h ig h ly  va ria b le  
lo c a lly  and from  yea r to year.
It has to be noted that the c lim ate  on M a rs is s lig h tly  m ore straightforw ard  than on Earth as there 
are no oceans to dam p the therm al inertia o f  the atm osphere. T herefore, day and night can have 
extrem e tem perature p ro file s.
Ls-271, la*—11.7, km-155, local f rm - 4w6 hrs
temperature (K)
Figure 58 -  Comparison of observed data against outputs of the EMCD
F ig u re  58 illustrates a ty p ica l tem perature p ro file  observed by rad io -o ccu lta tio n  (th ick  s o lid  line, 
(F e b ru a ry  19 9 8,lo cal tim e: 4 :3 0 )  com pared to tem perature p ro file s  predicted b y the database at 
the same tim e and location. P ro file s  from  the "M G S " scen ario  are u su a lly  v e ry  clo se  to the M G S  
observation s, w hereas the "V ik in g "  and " lo w  dust" scenarios y ie ld  w a n n e r and co ld e r 
tem peratures p ro file s  in the lo w e r atm osphere, respective ly.
F o r this study, the E M C D  has been used as the p ro v id e r o f  M a rtian  atm ospheric co n d itio n s as 
w e ll as sp e c ific  m odels from  the reco nstru ctio n o f  the atm osphere from  data su ch as the V ik in g , 
M a rs P athfinder and M E R  m issio n s. T h e  database its e lf  is in the N e tC D F  fon nat that a llo w s the 
m u ltid im en sio n al storage o f  data and retrie val through the N e tC D F  lib ra rie s. T o  facilitate  the 
exchange o f  data betw een the fra m e w o rk  and the database, an em bedded w eb b ro w ser has been 
d eveloped  in the fram ew ork to retrieve d atafiles d ire ctly  from  the E M C D  w ebsite. O n lin e  access 
to both the E M C D  V 3 . 1 1 and V 4 .0  p ro v id e s a convenient w ay  to retrieve the data in an A S C I I  
fonnat that can be read and processed w ith  other softw are. T hese data file s  are organ ised  on a
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co m p ila tio n  o f  horizo ntal g rid s fo r each o f  the 32  altitude le v e ls  o f  the database. F ig u re  59 and 
F ig u re  60 illustrate both the g rid  layout and the <x le v e ls  o f  the V 3 .1  database.
Database Sigma Levels (over smoothed orography at 120117)
Figure 5 9 -  EMCD Horizontal Grid: 72 
longitude and 36 latitude points
Figure 60 -  EMCD a levels modulated by 
the orography at 1 2 0 W
T h e  cr le ve ls  are ca lcu lated  as:
w here ps is  the su rface  pressure and p  the lo ca l atm ospheric p ressure lead ing to a a  le vel o f  1 at 
the su rface  and tending to 0 at in fin ite  height. T h e  reader w ill  be pointed tow ard the papers from  
L e w is  and Forget fo r m ore details on the E M C D  structure, but b y  im plem enting a trilin e a r 
interpolation schem e, it is p o ssib le  to use the E M C D  to p ro vid e  the necessary data alo ng a 
sim ulated trajectory and d e riv e  the lo ca l atm ospheric con d itio ns such as density, tem perature, 
lo ca l surface pressure o r w ind s. L e t ’ s no w  investigate how  this fits in the general architecture o f  
the s im u la tio n  fram ew ork.
3.1.2 Framework purpose and architecture
T o  d esign a typ ica l m issio n , system s engineers are alread y d ea lin g  w ith  a num ber o f  softw are 
tools for the v a rio u s  phases o f  the m iss io n  su ch as tra d e -o ff spreadsheets o r interplanetary 
tra jecto ry d esign softw are. T h e  com putatio nal fram e w o rk has been developed  keepin g in  m ind  its 
purpose in  the fie ld  o f  concept e valu atio n  and p re lim in a ry  design. T h e  u sa b ility  o f  the fram ew ork 
and the w a y  it fits in  the w h o le  d esig n  p rocess is  therefore o f  essence to p ro vid e  q u ic k ly  the 
relevant outputs and facilitate  the use o f  yet another s im u latio n tool. T h e  fram ew ork ca lled  
S P A D E S  (S o ftw are  tool P ro v id in g  A n a ly s is  and D e sig n  o f  E n try  S ystem s) [A llo u is , E lie  et al. 
2 0 0 5 ] cu rre n tly  p o sitio n s its e lf  betw een these m iss io n  spreadsheets and trajectory softw are to
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p ro vid e  the necessary inputs fo r m ore refin ed  stages o f  the project su ch as detail d esign o f  
trajectories and system , o r to prepare fo r surface operations (F ig u re  6 1).
Figure 61: SPADES in the design process
T h e  fram ew ork is com posed o f  a num ber o f  generic and sp e c ific  m od els fo r the d esign and 
a n a ly sis  o f  the v a rio u s  sub-system s o f  the E D L S . T h e  m ain com ponents are S P A D E S  (S o ftw are  
tool P ro v id in g  A n a ly s is  and D e sig n  o f  E n try  S ystem s) that p ro vid es an integrated environm ent to 
d esign, sim ulate and an alyse E D L S  co n fig u ra tio n s as w e ll as S P A D E S /P L , a M a tla b /S im u lin k  
m odel to perform  co n tro lled  pow ered  lan d in g  sim u latio n.
O rganised  around a m ain a p p licatio n , the S P A D E S  fram ew ork is b u ilt on 6 m odules that interface 
w ith 5 databases to set up the problem , pro ce ss the data and analyse the results as show n in  F ig u re  
62. T o  p ro v id e  a fa m ilia r w o rk in g  environm en t, S P A D E S  has been d eveloped  fo r the 
M S W in d o w s  platform  and re lie s on an in tu itive  G ra p h ic a l U se r Interface ( G U I) .  U n lik e  m ost o f  
the trajectory softw are a v a ila b le , a ll the tasks from  setup o f  the m issio n  to an a ly sis  can be 
perform ed through this G U I. T h e  s iz in g  m odels, and the suite o f  pre- and post-pro cessing  tools 
accounts for som e 18000 lin es o f  codes u sin g  the M S  V is u a l B a s ic  6 ( V B 6 )  program m ing 
language. T h e  core o f  the fra m e w o rk  and the sim u la tio n  process, referred to as S P A D E S /C o re , 
needs speed and com pactness. F o r this purpose, the C /C + +  code has been used to deal w ith the 
fundam ental aspects o f  the sim u la tio n  su ch as integration o f  the equations o f  m otions, 
atm ospheric and terrain data retrie val. T h is  m odule totalises about 3 0 0 0  lin es o f  code.
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Figure 62 -  SPADES framework Architecture: interdependencies of the modules and databases
A  project is b uilt as a scen ario  in  w h ic h  a num ber o f  objects are defined. T h e se  can relate to 
p h y sica l entities such as a probe co n fig u ra tio n , datasets such as atm ospheric data or a sp e cific  
com putational task such as a M o n te -C a rlo  study. A  scen ario  is b u ilt w ith a com b inatio n o f  objects 
depending on the resolution and co m p le x ity  o f  the study. In te rn ally , a num ber o f  m odules are 
resp o n sib le  fo r the setup, s im u la tio n  and p ost-p ro cessin g  o f  the data as show n in  F ig u re  62. T hese 
are D e sig n , M C T O , C o re , G 1S, V iz  and E x p o rt as describ ed  in the fo llo w in g  T a b le  9.
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Table 9- SPADES Modules Description
N am e
U se
D e ta ils
D es ign P re-proc
D eals w ith  the  m echan ica l design o f  the va r io u s  subsystem s 
o f  the  E D L S : ae roshe ll c o n fig u ra tio n , ae rodyn am ic  
dece le ra to r s iz in g . Im p ac t a ttenua tion  system . T h is  is w here 
the  subsystem s are d e fined  and sized b e fo re  be in g  used fo r  
the  s im u la tio n  process.
M C T O  (M o n te - 
C a rlo  and 
T  ra d e -O ff)
P re-proc
D e fine s  v a r ia b il ity  in  the designs e ith e r fo r  a s tochastic  
M o n te -C a rlo  (M C ) study o r a targe ted  pa ram e ter in  sp e c if ic  
steps (T ra d e -O ff , T O ). A ls o  inc ludes the E ven t M a nage r that 
sets up  the  events o c c u rrin g  d u r in g  the E D L  such as 
pa rachu te  d e p lo ym e n t o r hea tsh ie ld  separation.
P ost-p roc
Post-process M C T O  data to  de rive  budgets and prepare the 
data fo r  fu r th e r  analyses.
C ore P rocessing
In teg ra te  the  equa tion  o f  m o tio n s  and com pu te  the  va rio us  
ou tpu ts  o f  the  scenario.
G IS P ost-p roc
D eals w ith  a ll te rra in  opera tions such as hazard m ap 
ge nera tion  and te rra in  analysis.
V iz P ost-p roc
G enera te  and m anage a ll the v isu a l ou tpu ts  o f  the  studies: 
G raphs and charts , 3 D  renders. T e rra in .. .
E xp o rt P ost-p roc
E xp o rt scenarios d a ta files  and C A D  file s  fo r  som e o f  the 
E D L S  subsystem s.
In  ad d ition to these m odules, 5 databases ( D B )  p ro v id e  ad d itional resources to the fram ew ork as 
show n T a b le  10.
Table 10 - SPADES databases description
N am e D e ta ils Fo rm a t
Past M iss io n s C o m p ile s  data fro m  past p lan e ta ry  m iss ions  and a llo w s  
d ire c t com pariso ns  to  be made
D a ta file
M a te ria ls C om posed  o f  3 separate databases fo r  TPS, dece le ra to r and 
im pa c t a ttenua to r m a te ria ls
X M L
T o p o g ra p h ic M ars to p o g ra p h ic  data accessed d u rin g  s im u la tio n  and 
te rra in  ana lys is
D a ta file
A tm osp he re P rov ides the necessary a tm osph eric  m ode ls and da ta files . D a ta file
C e n tra l B o d y C en tra l b o d y  data. In i t ia lly  set fo r  M a rs , o th e r bod ies can 
be added.
X M L
These databases can be separated in three categories:
• Setup databases: T hese databases su ch as the M ate rial o r C e n tra l B o d y  databases are 
w ritten in X M L  (e x t e n s ib le  M a rk u p  La n g ag e ), they co m p ile  the necessary info rm ation to 
setup a scen ario  and are o n ly  accessed then.
• Processing databases: T h e y  co m p ile  data used d u rin g  the sim u la tio n  such as the 
A tm o sp h eric and the T o p o g ra p h ic  databases. Presented as d atafiles either in A S C I I  or 
b in a ry  form , they are accessed in te ra ctive ly  d u rin g  run-tim e by the C o re  M o d u le
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• Analysis database: T h e  past m iss io n  database can be used to com pare current d esign w ith  
past m iss io n  data to ch e ck  the fitness o f  the design.
T h is  sectio n has h ig h lig h te d  som e o f  the p ro g ra m m atic aspects o f  the o v e ra ll o rg an isatio n o f  this 
fra m e w o rk  as w e ll as in tro d u cin g  its m od ules and databases. T h e  fo llo w in g  sections w il l  
concentrate on the v a rio u s  m odels and assum ptions used throughout the fra m e w o rk  before s o lv in g  
a num ber o f  E D L  test cases.
3.2 Models and Assumptions
A n y  m athem atical or d y n a m ic m o d e llin g  re lie s  011 m odels and a set o f  assum ptions to 
approxim ate real phenom ena to a req uire d  reso lu tio n . E D L  is  a co m p le x  p ro b lem  that can be 
d iv id e d  into a num ber o f  s im p le r m od els that can be tackled  sim u lta n e o u sly  d u rin g  a sim u latio n. 
T h is  section w il l  d efin e these m od els, as w e ll as the assum ptions d e fin in g  their d om ain o f  
a p p lic a b ility , to b u ild  an end-to-end p ictu re  o f  the E D L  phase and its system s.
3.2.1 Dynamics
T h e  core o f  an E D L  pro b lem  re lie s  on the s im u la tio n  o f  a trajectory from  w h ic h  the d esign o f  the 
v a rio u s  E D L  subsystem s can be d erived. T h e  a c cu ra c y  o f  this tra jecto ry  is  o f  essence to reach the 
rig h t d esig n  reso lu tio n  and is  dependent on a n u m ber o f  param eters su ch as the num ber o f  degrees 
o f  freedom  m o d elle d  in  the system  and the a c cu ra c y  o f  the integration o f  the equation o f  m otion.
3.2.1.1 Different models for different applications
T h e  num ber o f  degrees o f  freedom  (D o F )  that one shou ld  use in  an E D L  stu d y is  not an exact 
science, but rather a tra d e -o ff betw een the c o m p le x ity  and sim u la tio n  tim e against the reso lu tio n  
req u ire d  fo r the d esign o f  a p a rtic u la r subsystem . N u m ero u s a n a ly tica l and experim ental studies 
can p ro v id e  an in sig h t into the in flu e n ce  o f  the num ber o f  degrees o f  freedom . D u rin g  the d esign 
o f  the M a rs  P a th fin d e r m issio n , B ra u n  et a l [B rau n , P o w e ll et al. 1995] perform ed  a 6D 0F  
a n a ly sis  o f  the probe to investigate the translational and rotational b e h a vio u r d u rin g  entry. 
S u b seq u en tly  Sp e n ce r and B ra u n  com pared  this 6D 0F  study against 3 D o F  results (tran slational 
o n ly ) [Spencer, A . et al. 1996]. In  their a n a ly sis, they h ig h lig h te d  that 6D 0F  m od els are used 
e x te n siv e ly  to m od el entry p r io r  to parachute deploym ent as it p ro v id e s  a better sim u la tio n  
environm en t to investigate the attitude b e h a v io u r o f  the craft d u rin g  entry. 3 D o F  h o w e v e r can be 
used after the deploym ent o f  the parachute s in ce  the attitude o f  the v e h ic le  w il l  be dependent on 
the d yn am ics o f  the parachute. I f  su ch  system s req uire  a h ig h  a c cu ra c y  reso lu tio n , m u lti­
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b o d ie s/m u lti-D o F  studies su ch  as the one fro m  R a isza d e h  [R a isza d e h  2 0 0 3 ] p ro v id e  a m ore 
co m p le x  but h ig h ly  re a listic  p ictu re  o f  the d yn am ics o f  the v e h ic le  and the attached parachute. In  
th eir study, Spencer and B ra u n  p ro v id e  both 3 D o F  and 6D 0F  results fro m  trajecto ry  sim ulatio ns 
fo llo w in g  a stochastic stu d y o f  2 0 0 0  runs. T h e y  co n clu d e  that although the 3 D o F  m odel does not 
encapsulate h ig h  d e fin itio n  v e h ic le  d yn am ics, there is  e xcelle n t agreem ent betw een th e 3 D o F  and 
6D 0F  sim u la tio n s on the m ean va lu e s  o f  the trajecto ry  co n d itio ns at the v a rio u s  E D L  events; 
m eaning that the valu e s o f  the E D L S  m a in  d esig n  d riv e rs  su ch  as peak heating o r deceleration are 
v e ry  s im ila r  indeed. T h e  6D 0F  results h o w e ve r tend to prod uce larg e r standard d eviatio ns than the 
3 D o F  data, but this can be traced to the ae rod yn am ic effects a llo w e d  fo r in  the 6D 0F  sim ulatio n, 
nam e ly, a v a ria tio n  in  the drag co e ffic ie n t and lif t  effects due to a ch a n g in g  total angle o f  attack.
F o r  the purpo se o f  this study, it is  n e ce ssary  to id e n tify  w here a 6D 0F  and a 3 D o F  are n ecessary  
to p ro v id e  results w ith  a suitab le  a c cu ra c y  w here needed. A s  m entioned above, 3 D o F  m odels 
capture w e ll the b e h a v io u r o f  the entry tra jecto ry as w e ll as the m ain entry pe ak cond itio ns. F o r 
the purpo se o f  s iz in g  the E D L S  and its subsystem s, s in ce  the focu s o f  the stud y w il l  not be on 
entry b e h a vio u r but on the m e ch a n ica l d esign, a 3 D o F  w ill  p ro v id e  good resu lts at a reasonable 
com puter cost fo r a ll 3 phases o f  the E D L .  N eve rth eless, there is one case that w il l  be investigated 
further, p ro p u lsio n  lan d in g , that req u ire s a goo d  kn o w led g e  o f  the attitude o f  the craft d u rin g  the 
term in al descent and landing. T h e re fo re, a 6D 0F  w ill  be im plem ented fo r  this p a rticu la r phase.
T h e  tw o m odels p ro v id e  a com plem entary persp ective  fo r the d esig n o f  the E D L S  subsystem s. 
T h e  3 D o F  w il l  be im plem ented in  C /C + +  in  the com p act routines co u p le d  to the com putation 
in te n siv e  stochastic m odels, w hereas the 6D 0F  w i l l  be im plem ented as a M a tla b /S im u lin k  m odel 
to help w ith  the d esig n  o f  the p ow ered  descent and lan d in g  phase. T h e  fo llo w in g  section w ill  
c o v e r the d erivatio n  o f  the 6D 0F  m o d el fro m  w h ic h  an e xp re ssio n  o f  the 3 D o F  w il l  be derived.
3.2.1.2 Development of the 6D0F Dynamics
In  this section the m athem atical developm ent o f  a 6D 0F  m odel is  presented. It  w il l  c o v e r the 
m ethodology used  to d evelop  the m od el fro m  the ch o ice  o f  reference fram es to the d erivatio n  o f  
the equations o f  m otion that w il l  be im plem ented in  a M a tla b /S im u lin k  m od el to investigate 
p ro p u ls iv e  lan d in g  on M a rs.
In  ord er to investigate the d yn am ics and the con trol o f  a lan d er d u rin g  term in al descent, it is  
necessary  to d e riv e  the la w s that g o v e rn  its m otion. T h ese law s are expressed  in  a set o f  
coordinates system s and reference fram es cho sen to ensure both the f le x ib ility  and s im p lic ity  o f  
the m odel. F o r  the pu rp o se  o f  this study, the central bod y, or planet, is  assum ed to be inertial. T h is  
property states that it w il l  not m ove around  the sun o v e r the sim u la tio n  perio d. T h is  h o ld s true
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assu m in g that the w h o le  entry descent and lan d in g  sequence is u s u a lly  perform ed  in  under 10 
m inutes. T h is  p lan et centred in e rtia l fram e noted ( x P,y P,zP) is  centred on the centre o f  the planet 
w ith  xp p o in tin g  to the 0 deg lon gitud e lin e  in  the equatorial plane, Z P points tow ard the north p ole  
and y p com pletes the system . T h e  forces on the v e h ic le  w il l  be expressed in  the B o d y  fram e noted 
( x B,y B,zB). Centred  on the v e h ic le  centre o f  m ass, it lie s  co n ve n ie n tly  on the b o d y  p rin c ip a l 
m om ent o f  inertia: x B points tow ards the nose on the m ain a x is  o f  sym m etry o f  the v e h icle , zB in  
the p lan e  o f  sym m etry o f  the v e h ic le  p o in tin g  dow nw ard , and y B com pletes the system . T h is  
b o d y -fix e d  fram e fo llo w s the b o d y both in  translational and rotational m otion. T h e  d e rivatio n  o f  
d yn am ics equations w il l  be p erform ed  in  the L o c a l H o rizo n ta l fram e noted ( x h ^ h^ h)- Centred  on 
the centre o f  m ass o f  the b o d y again, x H po in ts north w h ile  z H p oin ts tow ard the centre o f  the 
In e rtia l fram e, and y H com plete the system . It  can be deduced q u ic k ly  that the g ra v ity  com ponent 
w il l  be in  its sim plest form  in  this fram e. T h e  v e lo c ity  ve cto r and other aerod yn am ics forces w il l  
be expressed in  the W in d  fram e noted ( x w,yw,Z\v) w here x w lie s  alo ng the v e lo c ity  ve cto r re la tive  
to the atm osphere, zw is  in  the b o d y  plan e  o f  sym m etry poin tin g  d ow nw ard s and yw com pletes the 
system . F in a lly , because the stud y w il l  be d erive d  fo r a sp h erica l and rotating b o d y, a G ro u n d  or 
G e o g ra p h ic  fram e (x G,yG,zG) is  created. T h is  reference fram e is centred at the intersection o f  the 
equatorial plan e and the 0 degree longitude lin e  at the su rface o f  the planet. It  is  d efin ed  w ith  x G 
po in tin g  N o rth  and z G p o in tin g  tow ard the centre o f  the planet. y G com pletes the system  poin tin g  
East. T h e  fo llo w in g  F ig u re  63 su m m arises a ll the reference fram es d efin ed  above around  the 
central in e rtia l b o d y  as w e ll as the lo c a l angles used to d efine these fram es. F ig u re  64 h ig h ligh ts 
the relatio ns betw een the bod y, h o rizo n tal and w in d  fram es.
Figure 63 - Reference Frames for the 6 DoF Entry Model
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Figure 64 - Local Horizontal, Wind and Body reference frames shown here in the context of a 3DoF 
study. The 6 D0 F frame includes the beta angle between Yw and Yb, and the yaw angle between Yh
and Yb.
A t v a rio u s  stages in  the developm ent o f  the equations o f  m otion, entities su ch  as vectors need to 
be transform ed fro m  one reference fram e into another. T h is  p rocess is  done w ith  the help o f  d irect 
co sin e  m atrices (D C M ). T h e  w o rk  o f  E u le r  has show ed  that it is  p o ssib le  to transfo rm  o r relate 
two reference fram es b y  at m ost 3 rotations. T h e se  rotations are referenced as b e in g  rotations 1, 2, 
3 around axes x , y , z  re sp e ctive ly . T h e  transfo rm ation fro m  reference fram e 1 to reference fram e 2 
is  done b y  m eans o f  the D C M  R 2.i so that x2 = K -J i  > w here X| and x 2 are the sam e ve cto r 
exp ressed  in  reference fram es 1 and 2 re sp e ctive ly . A ssu m in g  a 3 -2 -1  rotation sequence, the D C M  
is found  in  agreem ent w ith  references [Z ip fe l 2 0 0 1 ; M a th w o rk s 2 0 0 4 ] to be:
DCM =
cos 9  cos y / cos 6  sin y / - s in  0
-  cos j)  sin ip  + sin ^  sin <9 cosy/ cos^cosi// + sin^sini9sin<// sin tf> cos 6
sin <f> sin y / + cos $  sin 6  cosy/ - s in ^ c o s y / + cos(Z>sin<9siny/ cos </> cos 0 (14)
T o  ensure a coherent notation schem e, the fo llo w in g  con ven tio ns h ave been adopted throughout 
the developm ent o f  the equations o f  m otion. S ub scrip ts are used fo r poin ts and superscripts fo r 
fram es, both in  capitals. T e n so rs are exp ressed  as fo llo w s: the v e lo c ity  o f  the poin t C  w ith  respect
to the fram e G  is  m o d elle d  b y  V f  . T h e  a n g u lar v e lo c ity  vecto r o f  fram e G  w ith  respect to fram e P
is therefore coGP. T en so rs expressed in  a coo rd in ate system  are expressed  w ith  square brackets 
w ith  the p a rticu la r coordinates system  id e n tifie d  as a capital superscript. W ith  the exam ple above, 
the v e lo c ity  o f  the p o in t C  w ith  respect to the fram e G  expressed in  term s o f  P is m o d elle d  b y
]P . S im ila rly , the an g u lar v e lo c ity  ve cto r o f  fram e G  w ith  respect to fram e P  expressed  in
term s o f  B  is therefore \coa Pl ]B .
In  the m o d e llin g  o f  the m otion o f  the lander, here referred  to as the b o d y, un co up led  translational 
and rotational m otions h a ve  been considered . T h is  u n co u p lin g  betw een translational and 
rotational m otion is  w id e ly  accepted as d iscu sse d  in  R e g a n  [F J .R e g a n  19 9 3] and w ill  be used
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b e lo w  to b u ild  the equations o f  m otions (E O M ). T h e  translational d yn am ics is  a representation o f  
the point-m ass trajectory m otion w hereas the rotational d yn am ics represents the r ig id  b od y 
attitude m aneuvers. In  order to s im p lify  the e xp re ssio n  o f  the E O M s , the inherent f le x ib ility  o f  the 
craft w ill  be ignored. N e w to n ia n  m ech an ics states that the sum  o f  the forces ap p lie d  on a b od y 
d iv id e d  b y  its m ass equates its accele ratio n  in  the inertia l reference fram e, lead ing to the 
fo llo w in g  expression :
T 1B
K J  =  —m
C o n sid e rin g  the p o sitio n  o f  the v e h ic le  w ith  respect to O, the centre o f  the planet 
[ f l f  =  [aGc ]S +  2[(og p ]b x  [V°]° + [q)g p\b x  ([6>G-Pf  x  [r0 _c f  )
A cce le ra tio n  re la tive  to G  
C o rio lis  effect
w here \aG ]B
2 k  J 4 V c ]
k \ p ] "  x  ( k . c P  x  k - c f )  C e n trifu g a l effect
U ltim a te ly , the e xp re ssio n  o f  the accele ratio n  in  the B o d y  fram e leads to
(L ,„ d *fc?P »k p
/
' o ‘ /A
k a P x k " 0
-R J
w here k f + k a k k F  
2 [ « r [ « r k , n F x k F
f
'  o ‘ IN
[C0G,P ] X k + k k / 0
V
- R
/
A cce le ra tio n  re la tiv e  to G
C o rio lis  effect
C e n trifu g a l effect
(15)
(16)
(17)
T h e  d erivatio n  o f  this acceleration is  g iv e n  in  A p pe n d ice s C  as w e ll as its sem i-d e ve lo p e d  form . 
T o  com plete the 6 D o F  m odel, it is n ecessary  to d erive the e xp re ssio n  o f  the rotational d yn am ics 
o f  the craft in  ad d ition to the k in e m atic  e xp re ssio n  above.
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T h e  com putation o f  E u le r  angles in  the sim u la tio n  can lead to sin g u laritie s i f  an y o f  these angles 
is  ± n 12. S in ce  d u rin g  the entry and e sp e c ia lly  the term inal descent the attitude angles o f  the craft 
m ay tend to ±n! 2 va lu e , it is  ne ce ssary  to circu m ve n t this potential problem . T o  avo id  
sin g u la ritie s  in  the ca lcu la tio n  o f  rotational m otion, quaternions w il l  be used. T h e  transform ation 
m a trix  from  the H o rizo n ta l fram e to B o d y  in  term  o f  quaternions becom es:
[ * r =
<7o+<7l"-<72 -<73 2(<7i<72 -<7o<73) 2(<7i <73 ~<7o<72)
2(<7i <72 + <7o<?3 ) <7o “  <7? +  <72 -  < ll 2 (<12 <73 “ <7o<7i )
2(<7i<73 — <7o<72) 2(<72<73 + qQqx ) ql~q\ ~ql±q\ (18)
w here qO, q l ,  q2, q3 are in itia lise d  w ith  the E u le r  angles (<f>,9,i//) as found in  references su ch  as in  
R e f. [M c ln n e s  1996; M c ln n e s  2 0 0 1 ; M a th w o rk s 2 004 ]
B y  e xp re ssin g  the rotational tim e d e riv a tive  from  the in e rtia l fram e to the b o d y  fram e, the sum  o f  
extern al torques XM ap p lie d  on the centre o f  m ass o f  the b od y can be e xpressed  as d iscussed  b y  
Z ip fe l [Z ip fe l 2 0 0 1 ]:
XM -  I  -E- + coxIco 
dt
(19)
w here co =  and I  is  the in e rtia l tensor. B y  iso la tin g  the an g ular acceleration term and
d eve lo p in g , the equation becom es:
dco
~dt
= r l[XM -(cox Ico)]
F in a lly , the propagation o f  the quaternions is g iv e n  by:
dq 1-  = -Q q  
dt 2
w ith  O  the sk ew -sy m m etric  m atrix  o f  co, w e d e riv e  an exp re ssio n  fo r
(20)
(21)
" 0 ~P - q -  r <7o
1 P 0 r - 9 9\
2 <7 — r 0 P (72
r q ~P 0 _J h .
(22)
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O nce a ll the k inem atic and d yn am ic com ponents o f  the equations o f  m otions have been expressed, 
it is p o ssib le  to im plem ent them in  M a tla b /S im u lin k  d ire ctly  in  their m atrix  form . T h e  fo llo w in g  
F ig u re  65 show s the core o f  the current im plem entation o f  this m odel w here green tags are 
d efined  as inputs, and b lue as outputs. T h e  rela tive , ce ntrifu g al and C o rio lis  com ponents o f  the 
acceleration are h ig h ligh te d  in  orange.
Figure 65 -  Matlab/Simulink Implementation of the 6  Degrees of Freedom expression of the
Equations of Motion
3.2.1.3 3DoF dynamics
T h e  3 D o F  exp re ssio n  o f  the equations o f  m otion can be d erived  from  the m odel d eveloped  above 
as it o n ly  uses the kinem atic and m om entum  equations w ithout the rotational com ponents o f  the 
6 D o F . S in ce  the 3 D o F  is  b eing im plem ented in C /C +-I-, the equations above m ust be developed 
from  their m atrix form . A uth o rs su ch  as V in h  R egan or Z ip fe l, [V in h , B usem ann et al. 1980; 
R egan and A n an d a krish n an  1993; Z ip fe l 2 0 0 1 ] have investigated atm ospheric entry at v ario u s 
reso lu tio n  and degrees o f  freedom . T h e ir  w o rk  has been reused e x te n siv e ly  in num erous studies 
su ch as the ones from  C osta and Sachs [C osta and Sachs 2002 ] and also form  the base fo r the 
A L T O S  softw are (s in c e  renam ed A S T O S ) as d escrib ed  b y W e ll and M a rk l [W e ll, M a rk l et al. 
19 9 7],
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F o r a sp h e rica l and rotating central bod y, the d evelopm ent o f  the equations o f  m otions, fo llo w in g  
the nom enclature sh o w n  in  T a b le  1 1, y ie ld s:
h =  V s in  y
(2 3 )
A = V cos y  sin x  
(R +  A) cos £
(2 4 )
V cos y  cos x  
Rp +  A
(2 5 )
D 2V =  g sin y  + co p (R +  A), cos 5 (sin y  cos d -  cos y  sin d cos x)
m (2 6 )
L Y .
y    cos / /  sin //  +  cos y
in V m V
V g
KRp +h V
+ 2co p cos J  sin x
(o2p(Rp + A)
cos ± (co s  y  cos d + sin y  sin d cos x)
(2 7 )
L Y V cos y  sin /  tan 5
X =------------ s in / / -------- ------- co s// + -
ni V cos y in V cos y Rp + A
co l {r  +  a )
-2co „ (tan y  cos x  ~ sin d) + — -—   sin d cos d sin x
V cos y
(2 8 )
T a b le  11- 3 D o F  N o m e n c la tu r e
D D ra g  [N1 V V e lo c ity  [m /s ]
g L o ca l g ra v ity  [m .sA2 ] X H ead ing  [de g ]
A L o ca l A lt i tu d e  [m ] d L a titu d e  [cleg]
L L i f t  [N ] r F lig h t Path A n g le  [de g ]
in M ass [k g ] A L o n g itu d e  [de g ]
RP P lanet R ad ius  [m ] R B a n k  A n g le  [deg ]
Y S ide Force [N ] (0D P lanet R o ta tio n  ra te [ra d /s ]
T h e  planet is assum ed in  the c a lcu la tio n s ab ove to be spherical. M a rs  h o w e ve r, present an 
oblateness greater than Earth. T o  im p ro ve  the a c cu ra c y  o f  the sim ulated tra je cto ry  d urin g  c ru c ia l 
events su ch  as the lan d ing, it is n e cessary  to evaluate p re c is e ly  the lo c a l altitude and therefore to 
co n sid e r the central b o d y  o f  the s im u la tio n  as an oblate sphere.
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Position
Equator
F ig u re  66  - A lt itu d e  o v er  an  O b la te  P la n et [G arth  2002]
W a g n e r and S e ro ld  [W ag n e r and S e ro ld  19 70 ] p ro v id e  the fo llo w in g  e xp re ssio n  that relates the 
lo c a l rad iu s o f  the planet and the ratio o f  e quatorial and p o la r radiuses and RPot.
In  the context o f  atm ospheric entry, the d ifferen ce  betw een </>’ and d  is  v e ry  sm a ll and n e g lig ib le . 
T h e  above equation can therefore adopt S  as the v a ry in g  latitude angle.
M o st o f  the m odules interface in  a w a y  o r another w ith  the p ro ce ssin g  m od ule S P A D E  S /C o re  
w here the equations o f  m otions are im plem ented. T h is  m odule cu rre n tly  features a 3 degrees o f  
freedom  (3 D o F )  im plem entation o f  the equation o f  m otions fo r a rotating/non-rotating sp h erica l 
or oblate central body. T o  sim u late the entry o f  a v e h ic le  into the atm osphere, both the 6 D o F  and 
3 D o F  equations o f  m otion need to be integrated. V a rio u s  integration schem es e xist  w ith  variab le  
degrees o f  p re cis io n  and co m p le xity . In  the case o f  the 6 D o F , the integration is  taken care o f  b y 
the M a tla b /S im u lin k  environm en t and uses the o d e 4 5 -D o rm an d -P rin ce  integrator [M athw orks 
2 004 ]. F o r  the 3 D o F , an integrator had to be im plem ented. Instead  o f  d e v e lo p in g  a custom  
im plem entation o f  an integrator su ch  as R u n g e -K u tta , it w as found  m ore advantageous to
R
p
(29)
B y  in tro d ucin g  the flatness param eter o f  the planet:
(30)
O ne can d erive  Rp in  term o f'/:
R P
(31)
68
Chapter 3.Development o f an Integrated Computational Framework
im plem ent an integration routin e u sin g  dedicated m athem atical lib ra rie s  su ch  as the G N U  
S c ie n tific  L ib ra ry , the G S L . T h e  G S L  is a e xh au stive  c o lle ctio n  o f  routines for n u m erica l 
com pu tin g  d eveloped  in  C , m aintain ed  and d istributed under the G N U  G e n e ra l P u b lic  L ic e n se  
[G S L  2 0 0 5 ]. B y  u sin g  the G S L , a f le x ib le  integration m anager has been im plem ented to p ro vid e  a 
num ber o f  integration schem es u sin g  fix e d  o r v a ria b le  steps alg o rithm s su ch  as R u n g e-K u tta - 
F e lh b e rg  up to order 5, o r D o rm a n d -P rin ce  up to order 8.
C o n c lu d in g  this short d escrip tio n  o f  the d yn am ics o f  the atm ospheric entry, it is  n o w  p o ssib le  to 
fo cu s o n the m odels s p e c ific  to each o f  the phases o f  the E D L  and their im plem entatio n into the 
fram ew ork.
3.2.2 The entry phase
T h e  m o d e llin g  o f  the entry phase is  both a co m p le x  ae rod yn am ic and aerotherm al problem . It  is 
n evertheless p o ssib le  to d evelop m od els s u ffic ie n tly  accurate to d esig n  and size  the entry system s. 
T h is  section w il l  p ro v id e  som e o f  the a n a ly tic  and experim ental b ack g ro u n d  in  the respective 
fie ld s  and d iscu ss the ch o ice s m ade in  the developm ent o f  these m od els fo r this study. A s  
m entioned p re v io u sly , the co n fig u ra tio n  o f  a prob e is  a com b inatio n o f  heritage kno w led ge and 
ne w  developm ents su ch  as new  m an u factu rin g  techniques and m aterials. T h e  literature re v ie w  
hinted a lre ad y that the future o f  p lan etary  e xp lo ra tio n  w il l  see a co n tin u ity  in  the o v e ra ll d esign o f  
p lan etary  probes rather than a com plete b re ak fro m  the past: new  co n fig u ra tio n s such as h ig h  L ift  
to D ra g  (L /D )  ratio aeroshells are not m ature o r e x p lic it ly  advantageous to be con sidered  in  the 
near future [C ru z , C ia n c io lo  et al. 2 0 0 5 ]. W ith  this assum ption, this stud y w ill  concentrate on 
a x issy m m e tric a l aeroshells w ith  p ro v e n  flig h t exp erien ce, nam ely the 4 5 , 60 and 7 0  degrees 
aeroshells. F ro m  a system s p o in t o f  v ie w , the entry phase is  con cern ed  w ith  the d esig n  o f  the 
ae roshell, and in  p a rticu la r, the d e riva tio n  o f  its aerod ynam ic database and the therm al 
environm en t in  w h ic h  it w il l  be operating to d e rive  the T P S  requirem ents.
3.2.2.I The Aerodynamic Database
T h e  aerod yn am ic database regroups a ll the ne ce ssary  aerod yn am ic data n e cessary  fo r the 
s im u la tio n  o f  the entry o f  the v e h icle . A s  the probe travels from  the space environm en t to the 
ground it goes through a nu m ber o f  flig h t regim es w ith  s p e c ific  properties as d iscu ssed  in  3 .1 .1 .2 . 
T h is  database is  u s u a lly  b u ilt  w ith  a m ix tu re  o f  experim ental and a n a ly tica l data as d iscussed  b y 
M ich e ltre e , G n o ffo  and M o ss  fo r the Stardust, M a rs  P athfin der (M P F ) and M a rs  M icro p ro b e s 
(D S 2 ) m issio n s re sp e ctiv e ly  [M itch e ltree  and F re m a u x  19 9 7; G n o ffo , A . et al. 1999; M o ss,
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W ilm o th  et al. 1999]. R e fe re n ce  m aterial su ch  as the w o rk  from  A n d erso n , B e rtin , o r R eg an 
[A n d e rso n  1989; R eg a n  and A n a n d a k rish n a n  19 9 3; B e rtin  1994] p ro vid e  a co m p ila tio n  o f  
a n a ly tic  tools to assist in  b u ild in g  this database. B u t it is  necessary to id e n tify  e a rly  on the 
reso lu tio n  at w h ic h  this database need to be generated, and the se n sitiv ity  o f  the results produced.
F e w  assum ptions w ill  d efin e the scope o f  the stud y and its im pact on the aerodynam ics.
• S in ce this study w il l  focu s on the m ech an ical aspects o f  the entry at M a rs  from  
atm ospheric interface d ow n to im pact fo r a b a llis t ic  ve h icle , su ffic ie n t drag accuracy  w ill  
be needed, w h ile  sta b ility  or co n tro lled  descent w ill  not be investigated.
• A ss u m in g  a b a llis t ic  entry im p lie s that no  lift  is generated and one co u ld  therefore zero
the lif t  com ponent d u rin g  entry. B u t fo r the sake o f  com pleteness and “ u p g ra d a b ility ”  o f  
the m odels, both the aerod yn am ic co e ffic ie n ts o f  lift  and drag w il l  be com puted.
• In  agreem ent w ith  num erous p lan etary  m iss io n  studies su ch  as fo r M P F , D S 2  o r M E R , 
this study w il l  start at atm ospheric interface defined at a rad ius o f  3 ,5 2 2 ,2 0 0 m  fro m  the 
centre o f  the planet. T h is  assum ption con strain s the upper b ound o f  the flig h t regim es to 
the transitio nal regim e. F re e  m o le cu la r aerod yn am ics w ill  therefore not be covered.
F ro m  these first assum ptions, the regim es o f  interest fo r the study are therefore: H y p e rso n ic  
transitio nal, H y p e rso n ic  C o n tin u u m , S u p e rso n ic, T ra n so n ic  and Sub so nic.
T h e  ae rod yn am ic database w ill  be con cern ed  w ith  the com putation o f  the drag co e ffic ie n t 
throughout the flig h t regim e. It  w il l  be d efin ed  as:
C o  =CDp +CDb +CDj  + C Dll,
(32)
w h e re  CDp is  the pressure in d u ce d  drag co e ffic ie n t generated b y  the interactio n o f  the aeroshell 
w ith  the in co m in g  flo w , C ±  the base drag co e ffic ie n t represent the loss in  re co v e ry  o f  p ressure at 
the base o f  the b o d y, CDf the drag co e ffic ie n t due to s k in  frictio n  as the f lu id  passes o v e r the b od y 
and Cow the drag in d u ce d  b y  the w ake  o f  the body. B u t not a ll the com ponents bear the same 
w eight on the fin a l ae rod yn am ic co e ffic ie n t as illu strated  in  the fo llo w in g  F ig u re  6 7 fo r a slender 
cone. W h ile  the base drag appears to p ro v id e  a s ig n ifica n t co n trib u tio n  to the o v e ra ll drag 
co e fficie n t, the pressure in d u ce d  drag, not represented in  the figu re b elo w , dom inates the o v e ra ll 
v e h ic le  drag b y  a factor as h ig h  as 100 com pared to the sum  o f  the base, fric tio n  and w ake drag.
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Figure 67 - Drag coefficient contributions for a slender sharp cone by the friction, base and wake 
drag versus IMach number. Note that the pressure drag dominates the sum of these drags by a factor
up to 100. [Lamb and Oberkanipf 1995]
W o rk s  from  Lam b  and G n o ffo  have dem onstrated e xp e rim e n tally  that the con trib u tio n o f  the base 
p ressure drag is lim ited to around 1%  o f  the total drag at high v e lo citie s  [L am b  and O b e rk a m p f 
1995; G n o ffo , A . et al. 1996], T h is  partly  e x p la in  w h y  a num ber o f  studies om its altogether the 
base drag as w e ll as the sk in  and w ake drag com ponents as show n in the M P F  C F D  study by 
G n o ffo . H ence, in the follo w  in g  d iscu ssio n , the d erivatio n  o f  the aerod yn am ic co e ffic ie n ts w ill  be 
assim ilated  to the d erivatio n  o f  the p ressure drag co e ffic ie n t alone, n e glectin g the sk in  frictio n , 
base pressure and w ake com ponents. M o re  details about the com putation o f  these co e ffic ie n ts can 
be found in Z o b y, B e rtin  or A n d erso n  [Z o b y . M o ss  et al. 1981; B ertin  1994; A n d erso n  and D. 
2000],
H y p e rso n ic  co e ffic ie n ts in the transitio nal regim es do not present a c lo se d -fo rm  exp ression . 
Instead one uses w hat is ca lle d  a "b rid g in g  fun ctio n ”  lin k in g  the co e ffic ie n ts o f  the con tinu u m  
flo w  and the free m olecu lar. R eg an for e xam ple [R eg an and A n an d a k rish n an  1993] p ro vid e s an 
exp re ssio n  lin k in g  the w eight o f  the rarefied  flo w  Mrar and the lo g a rith m ic o f  the K nud se n 
N u m b er w here
M rar = a* erf\b  *  lo g ( K n ) +  c ) +  a
w ith  a, b, and c determ ined statistically.
(33)
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B u t the developm ent o f  a su itab le  b rid g in g  fu n ctio n  also re lie s  on num erous C F D  sim u la tio n s and 
experim ental results. F ro m  this ob servation, two com m ents can be m ade:
• A s  the probe travels at h ig h  speed d u rin g  the first phase o f  the entry, it reaches v e ry  
ra p id ly  the continuum  flo w  regim e.
• T h e  developm ent o f  this fra m e w o rk  re lie s  as m uch as p o ssib le  on the autom atic 
e valu atio n  o f  a n a ly tica l and experim ental data to d erive  the m ech an ical properties o f  
subsystem s.
T h e  in flu e n ce  o f  the b rid g in g  fu n ctio n  and the drag co e ffic ie n t in  the h ig h  altitudes has been 
investigated  and com pared to e xp erim ental data fro m  the M P F  m issio n . It  has been found in  the 
F ra m e w o rk  V a lid a tio n , section 3.4, that the use o f  the h y p e rso n ic  con tinu u m  aerod yn am ic 
co e ffic ie n ts throughout the transitio nal regim e resulted in  a v e ry  lim ite d  im pact on the results and 
d id  not com prom ise the d e rivatio n  o f  accurate data fo r the s iz in g  o f  the entry subsystem .
F ro m  the transitio nal regim e, the probe reaches the h y p erso n ic  con tinuu m  flo w , w h ich  is 
in h eren tly  n o n-lin ear. T h e  aerod yn am ic co e ffic ie n ts o f  the prob e can be fou nd  w ith  a nu m ber o f  
m ethods, a ll based on the kno w led g e  o f  the pressure d istrib u tio n  o v e r the body, and the 
determ ination o f  the p ressure co e ffic ie n t Cp as a fu n ctio n  o f  the lo c a l su rface  in c lin a tio n  angle 
re la tive  to the freestream  d ire ctio n  noted 0.
T h e  fo llo w in g  T a b le  12 co m p ile s the m a jo r d eclin atio n s o f  these m ethods.
Table 12 - Methods for the determination of Hypersonic Aerodynamic CoefficientsHypersonic
M ethods M ath em atical e xpression s
N e w to n ia n  F lo w  T h e o ry: Cp=2sin2 6
M o d ifie d  N e w to n  T h e o iy Cp Cpmnxs in'9
N e w to n -B u sem an n  M ethod „  ^ . 9 „ (W „ P"'
(w ith  ce n trifu g al fo rce  correctio n ) Cpj =  2sm  Qi +  2 s in  Qi cos Qdy
F o r  com pleteness, it is  also p o ssib le  to m en tio n the tangent-wedge, tangent-cone and shoclc- 
e xp a n sio n  m ethods, but as d iscu ssed  b y  A n d e rso n  [A n d e rso n  1989], com p ariso ns w ith  
exp erim ental data h ave sh o w n  that for b lu n t bod ies w here 6 is re la tiv e ly  large, the m o d ifie d  
N e w to n  theory p ro v id e s the best results. In  ad d itio n  he details the ap p licatio n  o f  the M o d ifie d  
N e w to n T h e o ry  to the d erivatio n  o f  the ae rod yn am ic co e ffic ie n ts at h y p e rso n ic  regim es. F ro m  the 
d e fin itio n  o f  Cp that states:
Cp= Cpmaxsin2 9 (34)
w here Cpmax represents the m a x im u m  v a lu e  o f  the pressure co e ffic ie n t Cp evaluated b eh ind  a 
n o rm al sh o ck  w ave  at the stagnation p o in t le a d in g  to:
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Po, -  P00
P JE (3 5 )
w here p 02 is  the total p ressure b eh ind  a no rm al sh o ck  w ave  at the free stream  M a c h  num ber, and 
pco the lo c a l atm ospheric pressure  d efin ed  b y  the id e a l gas la w  that states p m = pRT^ w it h  R  the 
s p e c ific  gas constant. In  addition, the “ R a y le ig h  Pitot T u b e  fo rm u la”  from  exact n o rm al sh o ck- 
w ave  theory g ive s:
Po2 (y + D2Ml > - i \ -y  + 2yMl
Pec i
cn”1 y + 1 (3 6 )
w h e re  M  is  the M a c h  num ber and y the s p e c ific  heat ratio. C o m b in in g  the tw o exp re ssio n s above 
y ie ld s  the e xp re ssio n  o f  C pmax dependent on the M a c h  nu m ber su ch  that:
2
Y
Y-1 \ - y  + 2yM} 2
yMl 4 y M l-2 (y - \) 1
+
I yMl (3 7 )
A s  the stud y w il l  concentrate on Sphere-cone bod ies, it is  ne ce ssary  to d e rive  the aerod ynam ic 
co e ffic ie n ts o f  both the sphere and the cone com ponents o f  the geom etry. B e rtin  [B e rtin  1994] 
p roposes a m od el e xpressed  in  b o d y -fix e d  coo rd in ate system  to d e rive  the a x ia l and no rm al 
com ponents o f  the ae rod yn am ic forces.
Figure 68 -  Parameterisation of a typical blunted cone configuration [Bertin 1994]
T h e  fo rce  co e ffic ie n ts are fo u nd  b y  integrating the force exerted b y  the p ressure o ve r the entire 
su rface o f  the cone. T h e se  w ill  then be transform ed into separate lift  and drag com ponents. T h e  
g e neric e xp re ssio n  o f  the a x ia l (Ca) and no rm al (Cf) com ponents g ive s:
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C
ft  7 P a o Y ^ R b )  s ( 38)
Cjv =  77% — 7 c V  J?2 ^ p ~ F ^ ridSb(-J)
( 1 . 2 PnUJixR,,) 7  (39)
w here i is  the unit v e cto r in  the x  d ire ctio n , j  is  the u n it vecto r in  the y  d ire ctio n , n is the ve cto r 
p e rp e n d icu la r to su rface  S, Rb is  the base rad iu s and U is  the free stream  v e lo c ity  in  the x  
d irection . F ro m  F ig u re  68, the fo llo w in g  param eters can be derived:
x , =  RN(l-sm 0c)
L=x + r b ~T n cos0c
tan 9C 
9, = 9 0  ~9C
In te g ratin g  the e xp re ssio n s ab ove fo r the sp h e rica l nose part o f  the aeroshell y ie ld s: 
CAs = C Pmax2 ^ T ^ c o s 2 a ( l - c o s 4 ^ , ) + i s i i i 2 a s i n 4 (f),
R2
Cns =CP max — — - s in  a  co s a  s in  </>,
2 Rb
and fo r the co n ica l section:
(40)
(41)
(42)
(43)
(44)
V' Ac ^ P in a x  ^ p f  ^ c X l ' ) , t ^ ^ (fi +7 )~ ta il 9 c
•^cos2 a  s in  2 6C +  ~ si n 2 a  c o s 2 6C j  (45)
CNc =  C Pmax “ 7 “ tan °c “  +7 Yt X< Y  t3116c j
.(cos a  s in  6C s in  a  cos 0C)  (46)
F in a lly , the o v e ra ll A x ia l  and N o rm a l co e ffic ie n ts  equate:
— CAs + CAc CN =  CNs +  CNc
(47)
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T ra n sfo rm in g  fro m  the b o d y -fix e d  into the w in d  fram e b y  the angle o f  attack a  leads to the 
c la ss ic a l e xp re ssio n  o f  the ae ro d yn am ic co e ffic ie n ts o f  lift  and drag C L and C D:
CL =  CN cos a  -  CA s in  a  CD = CN s in  a  -  CA cos a
(48)
A lth o u g h  aerod yn am ic co e ffic ie n ts can be d e rive d  a n a ly tic a lly  through m ost o f  the e a rly  flig h t 
regim es (fro m  free m o le cu la r to H y p e rso n ic  co n tin u u m ), supe rso n ic and su b so n ic  data are m ore 
d iff ic u lt  to com pute le ad in g  to the use o f  w in d  tunnel data to p ro v id e  tables o f  co e ffic ie n ts for 
v a rio u s  geom etric co n fig u ra tio n s and speed. T h e re fo re, su pe rso n ic and su b so n ic  data w ill  be 
retrieved  from  tables, i f  req u ire d , as it is  w o rth  no tin g that a n u m ber o f  m iss io n s  m ay req u ire  
ae rod yn am ic decelerators o r je ttiso n  o f  the heatsh ield  at h ig h  ve lo citie s, lim itin g  the in flu e n ce  o f  
the aerod yn am ics o f  the heatsh ield  on the b e h a v io u r o f  the probe.
F in a lly  the p ressure o v e r the ae roshell can be d erive d  in  two parts: b y  e valu atin g  in  the first p lace  
the p ressure at the stagnation p o in t and se co n d ly  the d istrib u tio n o f  the p ressure  o v e r the body. 
K n o w le d g e  o f  the pressure o v e r the aeroshell is  ne ce ssary  to insu re  the p h y s ic a l integrity  o f  the 
T P S  m aterials d u rin g  the entry, as they u s u a lly  possess a m axim u m  w o rk in g  pressure. R e c a llin g  
the e xp re ssio n  o f  p 02, the p ressure b eh ind  a no rm al sh o ck  w ave, the stagnation pressure is s im p ly :
— — n  1 i/ 2P O , Pstag ~  Pm  max ~  P m ' m
(49)
T h e  pressure  d istrib u tio n  is  fo u n d  b y  u sin g  the M o d ifie d  N ew to n L a w  in  the equation above 
le ad in g  to an e xp re ssio n  o f  the lo ca l p ressure dependent on the lo c a l angle 9:
p(#) = + ^ p j f C /}max s in 2 9
(50)
T h is  section has presented b rie fly  the techn iq ues and m ethods used to com pute the m ain 
aerod yn am ic param eters o f  the prob e, in tro d u cin g  som e o f  the aero d yn am ic issues o f  aeroshell 
design. B u t aeroshell d esig n  is  also  v e ry  m u ch  dependent on the therm al e n vironm en t d u rin g  entry 
or aero therm o dyn am ics.
3.2.2.2 Aerothermodynamics and TPS sizing
A ero th erm o d yn am ics is  again  a fie ld  on its ow n, w ith  co m p le x processes happenin g  at m o le cu la r 
le vel. N evertheless, a nu m b e r o f  m od els h ave been d eveloped  in  the literature that p ro v id e  
accurate first order estim ations o f  heat flu x e s, loads and w a ll tem perature o f  the probe d u rin g  
atm ospheric entry. T h is  section w il l  p ro v id e  the ne ce ssary  m odels and assum ptions used in  the
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d e rivatio n  o f  these param eters to size  the therm al protection system  (T P S ) o f  the heatshield. In  the 
fo llo w in g  developm ent, w e w ill  define heat flu x e s or rates as q and the integrated heat load as Q. 
A lth o u g h  the heat rate is te ch n ica lly  a tim e d e riv a tive  q , the literature revie w ed  tends to refer to 
it s im p ly  as q, notation that w il l  be adopted for con sisten cy. W e  can therefore state that:
Q =  f qdt
(5 1)
D u rin g  the entry, in the h y p erso n ic  d om ain, the probe and in p a rticu la r the nose is subject to a 
num ber o f  heat flu x e s  as show n in  F ig u re  69.
W ith:
• cjconvi the co n v e ctiv e  heat f lu x  from  the b ound ary layer to the heatshield,
• q rad, the rad iative  heat flu x  from  the w a ll to the outside environm ent
• q rad.shock. the rad iative  heat t lu x  from  the b ow  shock to the h e a tsh ield ,[A n d e rso n  1989]
• r^ad.int> the rad iative heat flu x  radiated b y the heatshield to the su rro u n d in g  structures,
•  qCond, the co n d uctive  heat f lu x  from  the heatshield to the internal structure
C la s s ic  heat transfer theory show s that the sum  o f  these heat flu x e s  is  the net heat flu x  q net.
S im ila rly  to the aerod yn am ic m o d e llin g , it is p o ssib le  to s im p lify  the e xp re ssio n  b y co n sid e rin g  
few  assum ptions. Because o f  the w e ll-in su la te d  h e atsh ield ’ s m ech anical structure, the internal 
flu x e s are assum ed to be n e g lig ib le . A ls o , assum in g no losses, and to facilitate  the e valu atio n  o f
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this transient p rob lem  as a steady-state, the net heat f lu x  is  assum ed to be zero [S P R In T  2 000], 
resu ltin g  in:
h i e t  1  conv ^  9  rad ^  9  rad  .shock  ^  
h a d  ~  1  conv 9  rad  .shock
(52)
(53)
L o o k in g  into the e xp re ssio n  fo r each com ponent, qrad can de determ ined b y  the Stefan-B oltzm an n 
rad iatio n  la w  that states:
(54)
w here e is  the e m is s iv ity  o f  the w a ll m aterial, cr the S tefan-B oltzm an n constant (5 .6 8 8 .10‘8 
J / n r s K 4) and Tw the w a ll tem perature in  K e lv in . T h e  co n v e ctiv e  heat transfer also referred to as 
the surface heat transfer can be found  a n a ly tic a lly  through va rio u s m ethods, although fo r 
e n g ineerin g  purposes a n u m ber o f  s im p lifie d  but accurate m odels can be proposed. F a y  and 
R id d e ll w o rk  [F a y  and R id d e ll 1958] w as a p io n e e rin g  step forw ard  in  the a n a ly sis  o f  c h e m ic a lly  
reactin g v is c o u s  flo w  in  1958. S in ce, T a u b e r and M e n e s [T auber, E . et al. 1 9 8 7] dem onstrated 
that the ae rod yn am ic heating can be g e ne ralise d  in  a sim p le  form , and su bsequ ently  rew o rk e d  b y 
A n d e rso n  [A n d e rso n  1989] to:
w here fo r the stagnation p o in t , M ,N  and C  are d efined  by:
(55)
M =  3 A  =  0 .5 C  =  1 .8 3 .1 0 - 8 / ? -I/2 1 - -
and fo r a lam in ar flat plate
M  = 3 . 2  N  =  0 .5  C  =  2 .5 3 .1 0  " 9 (cos # ) 1 /2 (s in  0 )112 x~l 12 1  i
V /;o J
w here 0 is the lo c a l b od y an gle  w ith  respect to the free stream, x , the distance m easured along the 
b o d y  surface  in  m eters and hw and h0 are the w a ll and total enthalpies re sp e ctiv e ly . A d d itio n a l 
details on this m ethod can be found in  A n d erso n .
A lte rn a tiv e ly , Sutton and G ra v e s [Sutton, IC. et al. 1 9 71 ] have developed  from  a w ealth o f  
e xperim ental data an e xp re ssio n  fo r the heat rate at the stagnation poin t o f  the form :
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w here r„ is the nose rad iu s in  m eters, p x the den sity o f  the freestream  in k g /m 3, and Vx the v e lo city  
o f  the freestream  in  m /s, lead ing to qcom. in  W /c m 2. F o r M a rs atm osphere co n d itio ns, C  is 
evaluated to 18.9 .10  s and becom es fo r Earth 2 7 . 7 . 10"8. S in ce  the harshest environm en t w ill  be 
found at the stagnation point, this m ethod p ro vid es a good estim ation o f  the heat rate to size  the 
T P S  on the heatshield, and one w ill  observe the in flu e n ce  o f  the nose radius on the m axim u m  heat 
flu x : the sharper the hotter. T h is  technique has been applied  s u c c e s s fu lly  to studies and m issio n s 
as illustrated  by M ich e ltre e  fo r the M a rs  M icro p ro b e  [M itcheltree, A . et al. 1999], the p re lim in a ry  
concept for M E S U R  (that later becam e M P F ) [M ich e ltre e  and A . 1994] and the detailed an a ly sis  
o f  the M P F  heatshield [G upta, Lee et al. 1996].
S im ila rly , T a u b e r and Sutton [T aub er, M . et al. 19 9 1] have prod uced  an e xp re ssio n  o f  the 
rad iative  heat flu x  from  the b ow  sh o ck  to the w a ll, noted above as q rac i.sh ock , su ch that:
Irad^ock =  C K p i . f i )
(5 7)
w here Rn is the nose rad iu s in m, px the d en sity  in kg /m 3, and q rad.shock in W /c m 2. a and b can either 
be constant or fu nction o f  F  and p  as sh o w n in  T a b le  13. In  the context o f  the form ula above, f (V )  
is  a pre-com puted and tabulated va lu e  generated b y T au b er and Sutton and presented b elo w  for 
com pleteness fo r Earth and M a rs.
Table 13 - Radiative Heat Rate Tauber Coefficients
E a r t h M a r s
C  =  4 .7 3 6  x  104
a= 1 .0 72  x 106V  88 V ° 325 C = 2 .3 5  x  104
i f l< / ? v < 2 ,  a<0 .6 a =  0 .52 6
i f  2 < /?v < 5 3 , a<0 .5 I•= 1.19
h= 1.22
V,m/s fE(V) V, m/s fM(V)
9 0 0 0 1.5 6 0 0 0 0.2
9 2 5 0 4 .3 6 1 5 0 1
9 5 0 0 9 .7 6 3 0 0 1 .9 5
9 7 5 0 1 9 .5 6 5 0 0 3 .4 2
10,000 3 5 6 7 0 0 5.1
1 0 ,2 5 0 55 6 9 0 0 7.1
1 0 ,5 0 0 81 7 0 0 0 8.1
1 0 ,7 5 0 1 1 5 7 2 0 0 10.2
11,000 151 7 4 0 0 1 2 .5
1 1 ,5 0 0 2 3 8 7 6 0 0 1 4 .8
12,000 3 5 9 7 8 0 0 17.1
1 2 ,5 0 0 4 9 5 8 0 0 0 19 .2
1 3 ,0 0 0 6 6 0 8 2 0 0 2 1 .4
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1 3 ,5 0 0 850 8400 24.1
14,0 0 0 1 0 6 5 8600 26
1 4 ,50 0 1 3 1 3 8800 28.9
15 ,0 0 0 1 5 5 0 9000 3 2 .8
1 5 ,5 0 0 1 7 8 0
E n g in e e rin g  m ethods are a v a ila b le  to evaluate both qcom. and qmd.sUock, but in  the context o f  M a rs  
entry at re la tiv e ly  m odest ve lo citie s  o f  4 to7 km /s (com pared  to 10 to 14 km /s fo r a M o o n  or M a rs 
return to Earth  [A n d e rso n  1 9 8 9 ]), the rad iative  heat flu x e s  from  the b o w  sh o ck  are sm all. In  the 
post-p ro cessin g  o f  the M P F  data, M ilo s  and C h e n  [M ilo s , C h e n  et al. 1999] found that fo r  an 
entry v e lo city  o f  7.5  k m /s the p e ak  ra d ia tive  heatfluxes and heat loads accounted fo r less than 5 %  
o f  the co n ve ctive  h e atflu x  and 2 %  o f  the co n v e c tive  heat load resp ective ly . In  the fram e o f  this 
stud y that investigate m a in ly  atm ospheric entry from  orbit, the range o f  v e lo c itie s  are m uch low er. 
T h erefore, from  the net heat rate, assu m in g  therm al e q u ilib riu m  at the stagnation poin t, it fo llo w s:
4 rad ~  Iconv
(58)
F ro m  this e xp re ssio n , the tem perature o f  the w a ll can be d erive d  b y  equating the co n vective  heat 
f lu x  to the e xp re ssio n  fo r the rad iative  heat f lu x  su ch  that:
  4
Qconv ~  t u l  n,
(59)
E x tra ctin g  T  and u sin g  a reference w a ll tem perature y ie ld s  to:
+  7 7
SCT
(60)
T h e  reference tem perature Tr is  the m in im u m  tem perature the w a ll can achieve. W ith o u t this 
param eter, as the he atfluxe s tend to zero so w o u ld  the tem perature, w h ic h  is  not sa tisfy in g  in  the 
context o f  the sim u latio n. Tr w il l  be set to 290 K .  F o r  a perfect gas, the ad iabatic w a ll tem perature 
is  g iv e n  by:
T  =  Taw a
(61)
w h e re  T„ is the free stream  tem perature in  K e lv in , /• is the re co v e ry  factor (1 fo r lam in ar, 0.89 fo r 
turbulent), y  the sp e c ific  heat ratio and the free stream  M a ch  num ber. A  M a c h  num ber o f  25 
w o u ld  p rod uce a Tmv o f  1 2 6 T „. Such tem peratures prod uced  w ith  the assum ption o f  an adiabatic
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w a ll are u n re a lis tic a lly  h ig h  and w o u ld  not be attained because o f  the io n isa tio n  and d isso cia tio n  
o f  the gas m olecules.
T h e  heatsh ield  considered  in  this stu d y co n sists o f  an ab la tive  m aterial and a m e ch an ical structure. 
D u rin g  the atm ospheric entry, the T P S  m aterial absorbs heat and can depending on the exact 
m aterial vap o rise , be com busted, m elt, sublim ate o r radiate heat. T h e  heat ab so ip tio n  b y  the 
ab latio n o f  the m ate rial is  characterised  b y  the e ffe ctive  heat o f  ab latio n Q,„ in  M J/k g . A ssu m in g  
steady states co n d itio n s w h e re  the net heat in p u t to the heatshield  equals the heat absorbed b y  
ablation, the m ass lost d u rin g  ab latio n equates:
w here q is  the heat p e r u n it area on the heatshield, pm is the d en sity  o f  the m aterial and Om the
e ffe ctive  heat o f  ab latio n o f  the m aterial. In  turn, the ablator on the heatsh ield  m ust be th ick  
enough to keep the b a ck  face o f  the T P S  and the structure o f  the heatsh ield  b e lo w  a p rescrib e d  
tem perature e ven after the ab latio n p rocess that takes p lace  d u rin g  entry. T h e  m in im u m  thickness
A s  a tem perature step is  ap p lie d , the tem perature rise s at a distance 5 fro m  an in itia l e q u ilib riu m  
su rface  tem perature Ts to a h ig h e r intern al tem perature 7j. a  is  the d iffu s iv it y  o f  the ablator and is 
defined  by:
(6 2 )
In tro d u cin g  the area A  and the ablated thickness A 8 o f  the T P S  m aterial,
Q I  com? Qni
(6 3 )
le ad in g  to the e xp re ssio n  o f  the ablated thickness:
_  dconv
QmPm (6 4 )
o f  ablator can be estim ated b y  im p lem e n tin g  w hat is  in  essence a I D  therm al m odel w here the 
co n d u ctio n  in  the m aterial is evaluated from  the heat transfer form u la at constant w a ll tem perature 
[In cro p e ra  and D e W itt 2002 ],
(6 5 )
ka  -
PCp [m2/s] (66)
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w here k is the therm al co n d u c tiv ity  in  W /m .K  , Cp the sp e cific  heat in J /k g .K , and /?th e  den sity o f  
the m aterial in k g /m 3. T hen, the thickness o f  T P S  required is found by e valu atin g  iteratively  the 
exp re ssio n  above until the internal tem perature reaches a suitable and safe v a lu e  (5 0 0 K  for M P F ). 
T h is  valu e  is g e n e rally  dictated b y the tem perature o f  the bond lin e betw een the T P S  and the 
structure o f  the heatshield as the perform ances o f  the T P S  ad hesive decrease ra p id ly  at high 
tem perature. T he m in im u m  thickness fo r the heatshield is therefore 8 + A 8 , but AS is u su a lly  
re la tiv e ly  sm all com pared to 8, e sp e c ia lly  w hen a safety m argin o f  1.5 is applied.
T h e  d iscu ssio n  above concentrated on the front sh e ll o f  the probe. T h e  d esign o f  the b ack sh e ll is 
also o f  interest to estim ate the m ass o f  the entry system  as a w hole. U n le ss accurate C F D  studies 
are perform ed on a p a rticu la r co n fig u ra tio n  the p recise  heat loads w ill  not be kno w n, but m issio n  
analysts and engineers have d erive d  som e u sefu l rule  o f  thumbs based on experim ental and 
m issio n  data.
B ackplate
qbp= 5-7%qs
B a ck sh e ll
qbs= 10-40%qbp
Stagnation point qs
Figure 70 -  Aeroshell heat fluxes baselines (Milos, Chen et al. 1999|
M ilo s  et al [M ilo s , C h e n  et al. 1999] estim ated that the back plate heat f lu x  w as around 5 to 7  %  
the stagnation point heat f lu x  and the b a ck sh e ll heat f lu x  10-40 %  the va lu e  found fo r the back 
plate F ig u re  70. T h e  fo llo w in g  F ig u re  71 illustrates the typical flo w  re circu la tio n  around the aft o f  
the body, leading to h ig h e r tem peratures at the b ack plate.
Figure 71 - Translational-rotational temperature contours around Mars Pathfinder reentry capsule
(Red is high, blue is low)[YSL 1998|.
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O nce the heat flu x e s  have been d erive d  o v e r the aft o f  the aeroshell, the T P S  can be sized 
fo llo w in g  the m ethod used for the forebody. T h e  o ve ra ll m ass o f  the entry system  co m p risin g  the 
heatshield and b ack sh e ll is then com puted b y  su m m ing up the m ass o f  the T P S  and the aeroshell 
structure.
T h e  m ass o f  a p articu lar elem ent is  found by:
me = Ae(drpsPtpS + Pstruct)
(6 7 )
w here Ae is the surface o f  this elem ent in  m, $ tp s  and pTps the thickness and d ensity o f  the T P S  is 
m and k g /m ' resp ective ly  and pstma the areal d en sity  o f  the structure in k g /n r .  T h e  areal density o f  
the structure is found from  the past m iss io n  database b y d iv id in g  the m ass o f  the elem ent (front or 
b acksh e ll m inus the T P S  and ad d itional system s: parachute, ro c k e ts ...)  d iv id e d  b y its area (see 
T a b le  21 for the geom etric d erivatio n  o f  the area o f  a cone). T he results p ro vid e  the areal density 
in  k g /m 2 that in c lu d e  the b asic system s su ch as fix a tio n  hardw are and cables as presented in T ab le  
14.
Table 14 - Areal Densities of Fore and Aftbodies
S ystem M is s io n
A re a l D e n s ity  
[k g /m 2]
N o tes
Fo rebody
V ik in g 14.81 [+ 0 ; -1 ] N /A
M P F 7.58 [+ 0 ; -0 .5 ] A lu m in iu m  H one ycom b  sandw iched 
g ra p h ite /e p o xy  + p h e n o lic  honeycom bM E R 11.14 [+ 0 ; -1 ]
A ftb o d y
V ik in g 6 .04  [-4-0; -0.51 A lu m in iu m /F ib e rg la s s
M P F 9.81 [+ 0 ; -0 .5 ]
B a cksh e ll=  p o ly im id e  facep la te /a lu  
h o n e y c o m b /p o ly im id e  facep la te  Back 
p la te  = A lu m in iu m
M E R 10.02 [+ 0 ; -1 ]
T h is  data has been co m p ile d  from  the best estim ates for each m ission . A lth o u g h  these num bers 
are ve ry  m uch dependent on the techn olo gy used, they also depend as w e ll on the accuracy  o f  the 
o rig in a l and som etim es c o n flic tin g  num bers in  the literature. Indeed, the front and b acksh e ll 
m asses m ay in c lu d e  im p lic it  features su ch as lander interface or parachute m ortar. W here 
po ssib le, the data w as corrected w ith the m asses o f  kn o w n  system s attached to either the front or 
b a ck sh e ll to d erive  the o rig in a l areal density. F o r a ll cases, an error m argin is  d erived  to account 
fo r the degree o f  certainty in  the data provid ed .
T h e  tools and m ethods d escrib ed  above p ro vid e s a ll the elem ents to d efin e the therm al 
environm ent d u rin g  the entry, its im pact on the v a rio u s  elem ents o f  the aeroshell and the m eans to 
con trol heating b y d esig n in g  a suitable T P S . In  addition to the methods above, it is p o ssib le  to 
d erive  a num ber o f  e xp re ssio n s to size  the heatshield a n a ly tic a lly  assum in g  an exponential
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atm osphere, a p u re ly  co n ve ctive  heat load  as w e ll as som e data d riv e n  s im p lific a tio n  as show n 
T a b le  15.
Data
Table 15 - Aeroshell Sizing Parametric Expressions
P ara m e tric  exp ress ion C om m ents
M ass o f  
ae roshe ll
i i a Y 1 a ts  . \  T h e  mass o f  the  ae roshe ll is the  sum  o f+ P„ „ )  alI its elements
i
Ks is the  sa fe ty m a rg in  (2 0 % = 1 .2 )
T h ickness  TP S
W a ll
tem pera tu re
H eat Rate
D e n s ity  at 
qm ax
A lt i tu d e  qm ax
V e lo c ity  at 
qm ax_________
'TPS
nail ~  )
q max
S G
= Poe
+t;
'(/max Vr q max 
1000
All.c/ max
P
Alt nm  =  —  l n [  — -------
q (3 CiBCPsmy
%  max =  0 .8 63F emo,
k is the  TP S  co n d u c tio n
Twan is the  w a ll tem pe ra tu re  o f  the 
e lem ent
q is the  m a x im u m  heat ra te on the 
e lem ent: qmax o r  a ra tio  o f  i t  
Tr is the  re fe rence tem pera tu re  =  2 9 0 K  
s  the  e m is s iv ity  o f  the  TPS 
cr B o ltzm a n n  constan t
Pqmaxis the de n s ity  at qmax 
Yqmax is the  v e lo c ity  a t qmax 
/•„ is the  rad ius o f  the  nose 
C  is the  S u tto n -G rave  C o e f f ic ie n t :
18.9 fo r  M a rs
po is the  d e ns ity  a t g ro u n d  le ve l 
4 It qmax is the a lt itu d e  at qmax 
P  is the scale h e ig h t o f  the  a tm osphere  
BC is the  b a ll is t ic  c o e ff ic ie n t o f  the 
ve h ic le
y is  the  in it ia l f l ig h t  pa th  angle  
D e riv e d  fro m  past m iss io n  data
A fte r  the prob e passes the peaks o f  deceleratio n, m axim u m  d yn am ic pressure  and heating, 
decelerators m ay be used  as the v e h ic le s  enters the descent phase.
3.2.3 The Descent Phase
T h e  descent phase is characterised  b y  a s ig n ific a n tly  denser atm osphere w here aerod yn am ic 
decelerators are used  to s lo w  the probe d ow n to a p rescrib e d  term inal v e lo c ity  to prepare fo r the 
su rface  lan d in g  o r im pact. A s  a lre ad y  d iscu ssed  d u rin g  the first sections and the literature re v ie w , 
a num ber o f  ae rod yn am ic decelerators are ava ilab le . T w o  m ain  decelerators w il l  be co n sidered  
here: parachute system s and in fla ta b le  structures. A lth o u g h  parachute system s have p ro ven  their 
r e lia b ility  in  the fie ld , in fla ta b le  structures cu rre n tly  u nd er in ve stig a tio n  are thought to p ro v id e  in 
som e instances a better E D L S  m ass o v e r p a y lo a d  ratio.
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3.2.3.1 Parachute systems
T h e  d esign and m anufacturing  o f  parachute system s is a w e ll-d e fin e d  and m ature process, but in 
the fram e o f  planetary exp lo ra tio n , it is s till a new  ch a lle n g e  every time. N ew  m issio n s b rin g  new  
constraints fo r the deploym ent, m ass o r regim e at w h ich  the parachute m ust operate. T he 
d yn am ics o f  parachute are re la tiv e ly  w e ll understood and a lot o f  the k n o w led g e  in the fie ld  has 
been d erived  post W W II  and in  the 6 0 ’ s. A  s ig n ifica n t piece o f  w o rk  has been p u b lish ed  by E w ig , 
B ix b y  and K n a ck e  in  19 78 [E w in g , B ix b y  et al. 19 78], T h e ir  “ R e co v e ry  System s D e sig n  G u id e ”  
co m p ile s d esign m ethods, e n g in e e rin g  data and other relevant a n a ly tica l tools to d esign and size  
parachute system s as w e ll as som e lan d in g  system s. T h is  report and the subsequent book b y 
K n a c k e  [K n a c k e  1992] still rem ain v a lu a b le  references in  the fie ld  o f  parachute d esig n from  
w h ich  a num ber o f  the m ethods detailed b e lo w  w ill  be extracted.
In  the E D L S  sequence, a descent system  based on parachutes can be com posed o f  one o r several 
parachute stages. T h e  F ig u re  72  show s a typ ica l E D L  sequence w here a drogue parachute slo w s 
the probe d ow n before d ep lo y in g  the m ain parachute. F o r com parison, M P F  (F ig u re  7 3 )  used a 
sin g le  parachute system  lead ing to a h ig h e r term inal v e lo city , ca n ce lled  b y a p ro p u lsio n  system .
Figure 72 -  Beagle2 EDL sequence. A 2- Figure 73 -  Mars Pathfinder EDL Sequence -  
parachute system (drogue & main) is used for Single Parachute and rocket assisted descent 
the descent phase
A  parachute system  is com posed o f  a num ber o f  com ponents: a canopy, su sp e n sio n  lin es, b rid le (s) 
and a deploym ent system . T h e  fo llo w in g  F ig u re  7 4  and F ig u re  75  show  the different elem ents o f  a 
generic parachute system  and the M E R  parachute. In  the case o f  M E R , the canopy com p rises the 
D is k  and the Band. T h e  deploym ent system  fo r the M E R  co n fig u ra tio n  is a m ortar as presented in 
the “ E D L S  b ack g ro u n d ”  d iscu ssio n  in  C ha p te r 2. A  parachute is characterised b y its deploym ent 
and operational flig h t regim es, descent rate/ve lo city , drag co e fficie n t and f in a lly  p orosity. O ther
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param eters such as in fla tio n  b eh a vio u r, o sc illa to ry  m otion or reefing state are also  o f  im portance 
in  the detail design o f  parachute system s.
Inflated Diameter D r
Crown
Surface S
Suspension Lines
Confluence Point
W eight W
SUSPENSION
LINES
24.0m
t C ontinuous D esign  
Tota l Lrngrh  ~  64  m l
RISER 1.8m 
Link and Bridle Assy
Figure 74 - Elements of a Parachute System. Note 
that the crown is also referred to as the 
canopy.[Ewing, Bixby et al. 19781
Figure 7 5 -  MER Parachute system, 
excluding deployment system 
(mortar) (Witkowski and Bruno 
20031
In  the context o f  this study, the m ass o f  the ae rod yn am ic decelerator system  w ill  be the focus o f  
the a n a ly sis  below . In  addition, o p enin g loads m ay be investigated as w e ll as the m ain design 
features o f  the parachute system  for a g ive n  m iss io n  type w h ich  w ill  be evaluated from  an aly tical 
and past exp erim ental data.
T h e  parachute as an ae rod yn am ic decelerator is expected to p ro vid e  su ffic ie n t deceleration at a 
p rescribed  altitude to initiate the lan d in g  or im pact phase. T he m ain d riv e r w ill  therefore be the 
rate o f  descent reached by the system  “ Parachute +  p ay lo a d ” . In  a steady and unaccelerated 
descent, one can assum e e q u ilib riu m  betw een the total drag o f  the parachute and the m ass o f  the 
com b ined  payload  and parachute system , hence:
D t =  M t (68)
Dp+Di — Mp+Mi (6 9 )
w here D-t and M T the total drag and m ass, D P is  the parachute drag, D | the lan d er drag, M P the 
parachute m ass and M l the suspended m ass. C o n s id e rin g  the drag o f  the lan d er to be n e g lig ib le  in 
relation to the large drag generated b y  the parachute, the drag is im p ly  expressed as
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D  -  ] r p V 2S C D
(70)
With the expression above and assuming that D r= MT, the rate of descent Ve can be derived as:
Ve -
_ I 2Mt 
\ s c d P
(71)
where p  is the density at the local altitude. This expression assumes a perfect parachute where 
variations in the induced and parasite drags are neglected. Induced drag is generated by any lifting 
action from the parachute while the parasite drag is generated from the other components of the 
system such as suspension lines, canopy or from the suspended body. Once the rate of descent is 
known, typically from mission constraints, the drag area can be derived from the rate of descent
1 9or drag expressions. Identifying the dynamic pressure as q  =  - p y 2, the drag area SCD [nr] is 
found to be
S C D = -
q  [m 2] (72)
For a given descent rate, q is a fixed value. Therefore, a large drag coefficient CD will result in a 
smaller canopy area and subsequently lower parachute mass and volume. Some design features 
such as long suspension lines increase the inflated diameter of the canopy, resulting in a larger CD. 
Reducing the porosity also increases the drag coefficient, but also produces a less stable parachute 
and a higher opening force [Knacke 1992]. As in any other engineering discipline, tests and trade­
offs are necessary to provide the best configuration for a given mission. Once CD is known 
through experimental wind-tunnel studies or heritage, the surface can be translated to a nominal 
diameter D0 such that:
From this nominal diameter, past mission and experimental data have shown geometric relations 
with other elements of the parachute, such as the inflated and constructed diameter as shown in 
the following table.
Table 16 - Parachute Data for the 3 Main Types of Parachutes Used for Planetary Exploration, 
Updated From [Ewing, Bixby et al. 1978]
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T ype
C onstructed Shape
Inflated
Shape
Drag
C oef.
O pening
Load
Factor
A vg. A ngle  
o f
O scillation
[deg]Plan | profile D c/D 0 Dp/Do C D C x
R ingslot 0  C £ ) 1.00 0 .6 7  to 0 .7 0
0 .56
to
0.65
1.05 0 to ±5
R ingSail o e 1.16 0 .6 9
0 .6 7 ’
to
1.10*
1.10 ±5 to ±12"
D isk- G ap-B and O  ca 0 .73 0 .65
0.40*’
to
0 .58
1.30 ± 1 0  to ±15
*Data updated from[Delurgio 1999], Data Updated from [Fallon and Sinclair 2003], 
Data updated from [Cruz, Kandis et al. 2003]
The suspension lines as mentioned before have an influence on the drag coefficient itself. But 
they also influence the canopy stability by controlling the pendulum effect: the shorter the better 
the stability (as shown in Figure 76), but the lower the CD
t/Dn = 1.0 l/D , = 1.7
Figure 76 -  Variation of angular oscillation with canopy loading (W/S) and suspension-line length
(L/D0) [Fallon 19971
Finally the length of these lines must also account for the wake drag generated by the suspended 
body so that the parachute can deploy and inflate in “clean” air with limited turbulence. This wake 
drag is in essence function of the shape of the forebody, the trailing distance of the canopy, the 
ratio of forebody area to the canopy area, and the Mach number. Due to the inherently complex 
and highly non-linear nature of the flow-field, extensive trials have been performed for the 
Galileo, Huygens and Viking missions. For Viking, the relative distance between the canopy and 
the suspended body is defined as:
D ,
= 9
(74 )
where xc is the trailing distance and D, the diameter of the forebody. At this condition, the 
subsonic parachute drag was equal to that of the parachute alone (without forebody)[Steinberg, 
Siemers et al. 1973], For this reason, following missions such as Mars Pathfinder, the Mars 
Exploration Rovers and Beagle2 all had trailing parachute further that 9 times the forebody
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diameter: 9.37 for MPF, 9.57 for MER and 44 for Beagle2 to account for airbag rebound at 
landing. The length of the suspension lines can therefore be estimated by:
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Zc =
where the inflated radius is — (
w
2 I D .'o (75)
2 D,
\
, Df the diameter of the forebody and LRiser the length of the
'OJ
riser from the confluence point to the forebody. But for specific parachute configuration, Ls can 
be given as a function of D0, such as the Viking and MPF configurations characterised by 
LS=1.68*D0. Since the scope of this study is restricted to the mechanical aspect of the descent 
system, stability issues will not be investigated further, and assumes that the parachute operates in 
a ballistic range with its drag directly opposite to the flight path.
The mass of the overall parachute system can be derived from the derivation of the numerous sub­
elements of the parachute system as illustrated by Ewing [Ewing, Bixby et al. 1978] and Knacke 
[ICnacke 1992], But with a structure as complex as a parachute including the suspension lines, the 
cloth of the canopy, the seams, the stitching tapes and other elements such as the deployment bag, 
getting a precise figure for the overall mass of the system is proving difficult at this conception 
stage. Experience and heritage have provided a convenient way of estimating the mass of a 
parachute by deriving the average “areal mass” for a given configuration. But this unit mass given 
for a parachute of nominal surface So, is very much dependent on the technology and materials 
used. For both DGB and Ringsail parachutes, historical data has been compiled and are presented 
in Appendices D. From this data, the following expressions have been derived for the sizing of 
parachutes and deployment systems.
The mass of the parachute is:
Mp= pp *S0 (76 )
Where pp is found in the following Table 17:
Table 17 - Areal Density of Planetary Entry Parachutes
Parachute type T ech n o lo g y Areal D en sity  p„ [k g /n r]
D G B
H istoric  Fit 
State-of-the-art
0 .1329*S o'0'0989
R ingsail H istoric Fit 
State-of-the-art
0 .095
0 .0 3 4 6 -0 .0 5 8 8
From this data two main conclusions can be drawn. For the DGB configurations, early missions 
such as Viking possess a high areal density, not relevant with today’s techniques and materials as
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proven by the data from new missions such as MPF, Huygens or MER. Surprisingly, the latest 
trade-off study from Cruz [Cruz, Cianciolo et al. 2005] also shows some heavy areal densities for 
both the DGB and Ringsail configurations at 0.1565 and 0.1372 lcg/nr respectively. But this data 
appears to include additional systems (deployment bag, risers...) which masses could no be 
quantified accurately. Since the historic data collected appears to contradict these numbers by a 
significant margin, they were not included in the analysis. Historic data for the Ringsail 
parachutes appear consistent and provide a simple expression for the areal density, but it is 
necessary to single out the Beagle2 data. Recently, the Beagle2 mission demonstrated again that it 
is possible to push the mass boundaries and created a 10m diameter parachute system for a total 
mass of 2.764 kg [Northey 2003; Pillinger, Sims et al. 2003]. The resultant areal density is 
extremely small and will therefore define the state-of-the-art of the technology.
To estimate the mass of the deployment system, a number of methods exist. Analytical methods 
such as the one from Pleasants [Pleasants 1974] provides an expression of the mass of the mortar 
from the dynamics of the parachute deployment and propellant properties. But this analytical 
method has not been found easily applicable to preliminary designs due to its inherent reliability 
on geometric variables and high level of detail. Instead, an expression has been derived over the 
course of this study from past and current mission data that relates the mass of the mortar and 
associated elements to the mass of the parachute to deploy so that:
M m = 1 .95111(^7 + 2.35
(77)
where Mm the mass of the deployment system and Mp the mass of the parachute are expressed in 
kg. The masses derived from this expression have been found to be within 10% of the constructed 
deployment systems masses of the missions from which data could be sourced as shown in 
Appendices D.
Once the parachute physical attributes have been worked out, it is necessary to investigate the 
dynamics of parachute deployment in which snatch load, parachute inflation, and opening force 
play a role. The snatch load represent the load generated by the parachute bag at the end of the 
suspension lines during ejection by the mortar or simply during deployment. As explained by 
Knacke and Huckins [Huckins 1971; Knacke 1992] and illustrated by Fallon for Beagle2 [Fallon 
and Sinclair 2003], this load is very much dependent on the deployment velocity relative to the 
forebody, as well as the spring coefficient of the suspension lines. Although it is significant, it is 
few orders of magnitude less than the parachute opening loads. In addition, with the added 
difficulty of sourcing reliable spring constant data for all the parachute types, snatch loads will be 
neglected in favour of better opening loads modeling.
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The opening loads of the parachute will be of importance to the lander, as it will generate a peak 
of sudden deceleration that can be detrimental to the onboard systems or the mechanical 
interfaces. During the simulation, the parachute can be modeled as an instantaneous change in 
drag force, but the integration process would create unrealistically high opening loads. To this 
end, the parachute inflation time is introduced. The parachute inflation is defined as the time 
interval from the instant the canopy and lines are stretched to the point where the canopy is fully 
inflated. Knacke provides an expression for the inflation time such that:
/ "D°I Vs
(78)
where D0 is in [m], and Vs in [m/s], n is a constant that depends on the parachute type. For 
Ringsails, 11=7 although Northey [Northey 2003] derived n=8 for Beagle2 ringsail parachute. Over 
this inflation time the parachute drag Area (CDS0) will be assumed to grow linearly from 0 to 
100% as shown in the following Figure 77.
0.8 
0 6 
0.4  
0.2 
0
0 0 .2  0.4 0.6 t/t 0.8 1
Figure 77 -  Beagle2 original and revised inflation profile with normalised Cd and inflation time tr
[Northey 2003]
Since no consistent inflation coefficient were found for DGB parachutes in the literature, n has 
been derived from wind tunnel data from Cruz [Cruz, Kandis et al. 2003] for which the expression 
for tf still holds. It was found that a n of 9 provides inflation time within 15% of the wind tunnel 
data, and reconstructed Viking and MPF data.
During the atmospheric descent, these analytical tools and methods will be used to provide a basic 
but historically accurate sizing of the parachute system and its various elements. Moreover, this 
simplified modelling of the parachute will provide the necessary dynamic features that will 
influence the descent while keeping the computing loads to a reasonable level. Similarly to the 
aeroshell, a number of parametric expressions can be derived to size rapidly the parachute system 
assuming an exponential atmosphere and data driven expressions as shown Table 18.
Table 18 - Parachute system Parametric Expressions
-------- original profile
-------- revised profile x  //
/
/
y
i i i
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Data Parametric expression Comments
Parachute 
system  m ass NlparaSysi ' (w ’ 11 * deploy.
T he m ass o f  the parachute system  is 
the sum  o f  all its parachutes and 
d ep loym ent system s  
Ppara is the areal density  o f  the chute
M ass parachute m
D en sity  at
dep loym ent
altitude
para para
4  M g
X T  ( P o  +  P dep  ) C d
P dep  P o e
dlp.p
' P
M  is the m ass o f  the suspended  
v eh ic le
g  is the gravitational constant
Pdep is the density at the dep loym ent
altitude
V T is the term inal v e lo c ity  o f  the 
chute
C p  is the drag co effic ien t o f  the chute 
Po is the density at ground level 
Altdcp is the altitude at chute  
dep loym ent
(3 is the sca le  height o f  the  
atm osphere
D ep loym en t
system
H deploy -  4 .4 6 1  8 * M palv M ass deploym ent system  
assum ing the u se  o f  a mortar
But parachute are not the only aerodynamic decelerators as discussed in the literature review. 
Inflatables may also prove to be a viable alternative.
3.2.3.2 Inflatable structures
Inflatable structures can be used for both the Entry and Descent phases. As such, their design 
relates to both the heatshield and the parachute. Here we will derive a number of analytical 
expressions to help with the sizing of such systems.
Inflatable may come under a number of shapes and forms, from trailed balloon to clamped 
geometries. We will be concentrating here on sphere-cone shaped attached inflatables, and in 
particular we will identify 2 main configurations: Full Inflatable and Hybrids. These 
configurations can in turn be split into two separate construction techniques, the tension shells and 
airwalls, as summarised by Figure 78.
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Figure 78 -  Inflatables concepts tree
Full inflatables concepts are designed to provide a complete inflatable aeroshell, including the 
nose. Hybrids on the other hand use a conventional, albeit smaller, heatshield for the nose part to 
withstand the fierce temperatures o f  the entry. Construction-wise, tension shell configurations can 
take either the form o f a pure tension shell as illustrated by the “Hypercone” concept (Figure 79) 
[Brown, Epp et al. 2003], or as a reinforced tension shell as showed in the MarsNet concept 
(Figure 80) by Maraffa [Marraffa, Kassing et al. 2000]. The Hypercone concept deforms heavily 
under the entry pressure while the stiffened configuration is retains its aerodynamic shape as the 
bulk o f  the pressure is taken by the front surface stiffened by a number o f  inflatable rings and 
trusses.
Figure 79 - Inflatables -  H ypercone T ension  
Shell Structural M odelling [V orticity-System s 
20051
Figure 80 - Inflatables -  M arsN et stiffened  
Tension shell concept [M arraffa, K assing  
et al. 2000|
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Compared to tension shells, airwalls consist o f  a number o f inflated tori between two skins to 
create a sphere-cone geometry as shown Figure 81. This configuration provides greater stiffness 
o f  the aerodynamic shape for high dynamic pressure entries such as the Earth bound IRDT and 
IRVE missions or greater payload. In addition to the airwall, the IRDT, shown Figure 82, uses a 
second inflatable stage during the descent phase where a tension shell stiffened by an inflatable 
torus and trusses acts as a bigger aerobrake after peak heating and dynamic pressure.
Figure 81 - IRVE Airwall configuration !P layer, 
C heatw ood et al. 2005)
Figure 82 -  IRDT Airw all (entry stage), 
and Tension Shell (descent stage) 
configuration(W ilde, D. et al. 2000]
Evaluating the capabilities and masses o f  such systems relies on the evaluation o f  their 
aerodynamics and aerothermal properties as well as the evaluation o f their inflation system. Since 
little experimental data is available, a number o f  expressions will be derived to provide a 
parametric model to help with the sizing o f  the various elements o f  the system.
To estimate the aerodynamic properties o f  an inflatable configuration, recent studies for IRDT or 
IRVE such as the one from Hughes [Hughes, Dillman et al. 2005] have used aerodynamic data o f  
heatshields with similar cone angles as the base for their preliminary designs and more advanced 
concepts. In the case o f  IRVE, the Genesis heatshield aerodynamic coefficients have been used. 
Nevertheless, for the very same project, Moss [Moss, Glass et al. 2006] who used Stardust 
aerodynamic data instead showed that this correlation should not be applied for the whole o f  the 
EDL phase. They note that a relatively good correlation is limited to the continuum portion o f  the 
flight as discrepancies grow from the transitional to the free molecular environment. Since this 
study is interested primarily in modeling inflatables from atmospheric interface, the method used 
to derive the aerodynamics for the conventional heatshields configurations will be applied here as 
well. From the aerodynamic considerations and the configurations presented above, one can see 
that the sizing o f  the inflatable structures will be driven by the ballistic coefficient the probe must 
achieve, the availability o f  existing aerodynamic databases as well as the mechanical sizing o f
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such systems to withstand the loads during entry and descent. The loading on inflatable structures 
will be generated by the pressure difference on both sides of the inflated element. Substantial 
mechanical loading will occur at the maximum deceleration, but also at the maximum dynamic 
pressure at which the difference between front and base pressure will be the highest. In all 
configurations, the skin on the forebody will be loaded with the pressure generated on the 
forebody and will transmit these loads to either tori or beams of the inflatable structure. For the 
purpose of this study, the stiffened tension-shell concept will be the primary focus of this 
investigation while providing some key parameters for the comparison with an airwall structure.
The construction of this Inflatable Braking Device (IBD) relies on a multilayer structure to 
provide structural stiffness and thermal protection: inflatable bladder, structural restraint, gas 
barrier, and thermal protection layer. The thermal protection layer can consist of a number of 
individual layers to ensure that the heat loads transmitted to the main inflatable envelope are kept 
within margins. The following Figure 83 and Figure 84 show a cross-section of the structure of 
the I RYE and IRDT concepts respectively.
AFT STRUCTURAL BAQ
2G7KPagGN2 
(3 Gpckfi
‘ PROTECTION LATER
Figure 83 -  IR VE Inflatable Structure, flow from  Figure 84 -  IR DT Inflatable Structure, 
bottom  to top, (both faces show n) (H ughes, flow from  top to bottom  (only front face is 
Dillm an et al. 2005] show n). 1-Sublim ating Substance, 2- Heat
resistant fibre, 3 -  MLI top layer, 4- 
Polyim ide foil, 5- fine glass fibre, 6 -  IBD  
envelope m aterial (F inchenko and Ivankov  
2002|
From these figures, it is possible to see differences in design as the IRDT layout merges both the 
inflatable and restraints layers into one "inflatable envelope”. A number of materials have been 
considered during these test missions and a number of other studies have shown a marked 
preference to a handful of materials, currently available commercially and summarised in the 
following Table 19.
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T able 19- Inflatable M aterials: S tructure and T herm al Protection System
Function Material Function Comments
Silicone-coated 
K evlar fabric
Inflatable
bladder
- IRVE
- The coated fabric offers significantly greater tear 
resistance than a film bladder without a substantial 
w eight penalty.[Hughes, Dillman et al. 2005]
K evlar Restraint IRVE
Structure
Zylon Inflatable
envelope
-SP R In T  (Study)
-NASA Inflatable Emergency Atmospheric-Entry 
Vehicle (Study)fJones. Hall et al. 2004]
- Coated to be airtight
polybenzoxazole 
' (PBO)
Inflatable
envelope
- NASA Inflatable Emergency Atmospheric-Entry 
Vehicle (Study)
V ectran Inflatable
envelope - MPF airbags
M ylar Inflatable
bladder - YES2 [Kruijff, Heide e ta l. 2003]
Kapton Inflatable
bladder - YES2 [Kruijff, Heide e ta l. 2003]
TPS
Nextel High Tem p TPS
oIR V E  
o SPRInT
o YES2
o Either Nextel 440 or 312
Alumina Blanket M edium 
Tem p TPS - SPRInT
MLI Low temp 
TPS - Aluminium foil, Kapton, Glass fiber n e t...
This table is not an exhaustive list of the materials that can be used to build an inflatable 
decelerator, but will serve as the basis of the mass sizing effort in the study for the various 
decelerator configurations. To facilitate the design and the derivation of the various masses of the 
inflatable configurations, the layouts are parameterized with the nomenclature shown in the 
following Figure 85, Figure 86 and detailed in Table 20.
Figure 85 -  Inflatable B raking Device -  A irw all Layout and T ension Shell Second Stage
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Rseo Out
Figure 86 -  Inflatable B raking Device -  Stiffened Tension Shell Layout
T able 20 - Inflatable Param etric Layouts N om enclature
BpSXme Radius nose o f Heatshield
8 n s Radius Heatshield
RpiBDi« Inside Radius o f primary IBD
Bruin.,,., Outside Radius o f primary IBD
B r u m Radius o f primary IBD Torus
Bsiiiuiiut Outside Radius o f secondary IBD
B \u m Radius o f secondaiy IBD torus
Bnau- Radius o f Base Torus in the tension shell layout
B  Hearn Radius of transversal beams in the tension shell layout
&IHI> Half angle o f  the IBD sphere-cone configuration
Lpnin Length o f the primary IBD:
- Airwall: inside radius to outside radius
- Shell: centre o f Base Torus to centre of PIBD Torus
Lsihd Length o f the secondary IBD
- Airwall: inside radius to outside radiusof SIBD
- Shell: centre o f Base Torus to centre o f SIBD Torus
The various members constituting the inflatable structure behave mechanically in a number of 
ways and have been sized accordingly. The outer torus resists to the pressure loads transmitted by 
the front skin. This uniformly centripetally applied load, assumed in-plane with the torus, stresses 
the membrane of the torus until it wrinkles leading to the buckling of the torus and failure of the 
decelerator. The sizing of the tori has been performed following a method developed by Weeks 
[Weeks 1967] and reused in other projects as described by Kyser [Kyser 1967], The inner radius 
of the section of the torus is sized to limit hoop stresses in the torus below a critical stress defined 
by a number of parameters including inner pressure, loading configuration and fabric properties.
Kyser [Kyser 1967] shows that the hoop force P in a torus can be expressed in term of the drag 
force generated by the skin of the IBD such that:
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m%6'  (79)
where q is the dynamic pressure, Rb the external radius of the torus and 9C is the cone half angle. 
The critical ring-buclcling loads for slender, thin walled, pressurised toroidal shells subjected to a 
uniform radial compressive loads is derived by Weeks [Weeks 1967] and leads to the expression 
of in-plane buckling force Pcr [Kyser 1967]:
Pm.: 4-5El , 3 4 + 4.5c1 +  - C  +
2 S + P* (BO)
where
R = Rb - r , the mean radius of the cross section 
c = r / R  
S = m-R2Gt/ El 
P* = pm-2R2 / El
E= modulus of elasticity of the wall/fabric
G= Shear modulus of the wall/fabric
T = effective thickness of the wall/fabric
*Note that this expression has been derived in imperial unit.
The torus and section radius will be the main driver to control the hoop stress for a given 
configuration, while the internal pressure also of importance will have a secondary influence.
To keep the aerodynamic shape and possibly reuse experimental aerodynamic databases, a 
number of beams can stiffen the system. These beams will behave in bending as they resist the 
pressure load transmitted by the skin, but will also work in compression between the two tori as 
they resist the compression loads from the medium torus. The medium toms and beams have 
been sized to ensure that none of the stresses exerted on the walls exceed the wrinkling stress 
assumed here as the failure condition. This method is ultimately similar to the one presented and 
used in the SPRInT Project to which the reader is directed [SPRInT 2000].
The mass of the inflatable system is derived from the individual masses of each element and 
derived from their area and the density of the materials used. The total mass Mibd can be 
expressed as:
n I
M  m o  =  M HS +  M  inf +
o o (81)
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where MHS is the mass of the heatshield computed following conventional heatshield design, Minf  
is the mass of the inflation system and An/ the area of a layer / of an element n and pni its areal 
density. The physical properties of the various elements can be derived geometrically as shown in 
Table 21:
T able 21 - Inflatable S tructures - G eom etric derivations
Geometry Area Volume
4skin ~  ‘f t  Bin  *  R oui V  
L = R ou, ~  Rin COS0
tan#
None ~  — h (4,1 + 4oul + y jA \A 2 )
R — R  h  _  /xout in
tan#
An — 7rRin a n d  A oul — x R ol,i
O  I (
R
1
y
4orus =  477 2 R r Korns ~  I n ' R r 1
Transversal Beam
4 Beam ~  77 R Beam R ^ Beam = KRBeamR
L ~ RSIBD ~ RBase ~ ^ RPIBD ~ RSIBD
For more complex features such as airwall it is necessary to develop a more appropriate model to 
evaluate area and volume since the tori are compressed or designed with a truncated circle base. 
This will therefore provide a more realistic expression for the necessary mass of cloth and volume 
of gas.
Figure 87 -  A irwall L ayout -  H alf section Figure 88 -  A irw all L ayout -  C om pressed
nom enclature T orus nom enclature
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The airwall is composed of n number of tori, which are compressed or truncated from a circular 
shape of radius r to a radius rc as shown in Figure 87 and Figure 88. by introducing a compression 
factor Kc , rc is defined as rKc. From the literature, Kc has been computed to around 0.73 for 
inflatable airwalls, while Russian designs such as the one for the ISS cargo descent system 
reaches 0.5. From Pappus’s Centroid Theorem, the volume of a torus for a given R,onis is:
Ftorus ~  27rRT o n , f A nn  )
(82)
where Arev is the area of the lamina generating the torus around its axis of revolution. Arev can be 
approximated as the circle area minus the two segments of the compressed circle. Following the 
nomenclature in Figure 87 and Figure 88, this can be expressed as:
Arex. Acircle 2Asegmeill
A segmeilt 1 C ® S  V  / '  J le" J Y
hence Arev is expressed as:
A rev =  m ' 2 “ 2  r 2 CO S-1  ) D  - ) j  j
and the expression for V,onis:
r 2 -  2 ^ -2 c o s -1 ^  j  ■-.rc -jr2- r ;  j
(83)
(84)
(85)
Ko/iis 2^RTonis
(86)
Similarly, the area of the torus at R,0IVs is given by the length of the perimeter of the lamina Prcv by 
the length of the torus, and expressed as:
A Tortis ~  2 ^ R Torm (.R ev  )
(87)
Rev = Rci,rle + 2C-2S
(88)
Prcv = 2m' + -  2^rcos~I^ ~ jj
hence, the expression o f A,olvs:
(89 )
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ATo,m = 2nRTonu^ 2jir + 4yjr2 + r; -2/-cos ‘[ ^
(90)
But the radius Rronis depends on the actual location or number n of the torus in the airwall, and can 
therefore be expressed as:
R tcvsVi) =  R Base +  2 » 'c
(91)
where Pis the half angle of the Primary IBD (PIBD). As a result, and accounting for the first and 
last tori that are half compressed, the total area and volume of the airwall is:
1 Airwall = 1
vMAirwall
Base +  2 m 'c COS 6 )  l m ‘ +  4  _  2  COS '
+RmJ l + 2,lrc^  + 4 f ^ - 2 c o f f )
2 7t{RBase + 2 urc c o s£ ? ) |w 2 —2 /•2 co s- l ^ —rc j r 2 - r f  j j
(92 )
(93)
The length and radius of the airwall PIBD can be derived from the number n of tori comprising 
the wall and the compression factor Kc such that:
R p ib d  — 2 r ( K c {>t 1) + 1)
Reciprocally, a given length of PIBD will need n tori so that:
R p in n  — 2 r
(94)
2rK,
(95 )
With the derivation of the structural area for the tori and the skin elements, the mass is quickly 
derived for the whole structure and insulation layers from the respective areal density for each 
element. To complete the evaluation of the mass budget, the mass of the inflation system Minf  
must be derived. The mass of this system relies on the mass of gas to inflate the IBD, but also on 
the mass of the tanks and necessary piping. The mass of gas is derived from the volume of the 
IBD, and the internal overpressure required. Experimental data from the IRDT mission 
[Finchenlco and Ivankov 2002] [Bogdanov, Pichkhadze et al. 1997] has shown that inflatable 
structures will retain its structural integrity (i.e no wrinkling or buckling of the inflated shape) for 
internal pressure above 4 times the local dynamic pressure. The inflation system must therefore be
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able to provide 4 times the maximum dynamic pressure encountered during entry for the PIBD. 
Since the Secondary IBD (SIBD) is released at much lower dynamic pressure, the inflation system 
for this element will be sized with the dynamic pressure at deployment. A pressure regulator 
system will be required to deal with the difference of pressure in the inflated elements, leaks and 
overpressure.
The choice of gas used for the IBD and by extension for the airbags systems is also important. As 
much as possible it ought to be light to minimise the system mass and maximise scientific 
payload, but it may also be important to consider other aspects such as gas dissociation during 
interplanetary travel and possible interference of the gas with the scientific packages once landed. 
Gas can be stored either in tallies or as solids if a gas generator is used to transform it into a 
workable gas. A number of gases may be considered as discussed by Pilinger [Pillinger, Sims et 
al. 2003] such as Hydrogen (H2), Nitrogen (N2), Helium (He), Carbon Dioxide (C02), or 
ammonia (NH3) Other gas molecules issued from the catalysation, combustion or sublimation of 
a source material are widely used as well [Bown and Darley 2005]. But not all gases are equal: 
pure gases (H2, He) need high pressure and therefore thick and heavy tanks, Helium tends to leak 
and C02 has a high molecular mass of 44 which makes it a heavy gas [Pillinger, Sims et al. 
2003]. Here, nitrogen will be used throughout the study for the IBD. Its use is well known and has 
been used for the IRDT missions and is also baselined for the IRVE and the ISS cargo vehicle 
study[Wilde, D. et al. 2000; Finchenko, V.S. et al. 2002; Hughes, Dillman et al. 2005].
The mass of the gas Mgas can be derived from the following expression:
^  gas ~  1 * P i  in
(96)
where Mra the molar mass for N2 is 28.0134 g/mole. For comparison, He is 4.0026g/mole and H2 
1.0079g/mole). n is the number of mole required and is found with the ideal gas law such that:
P V  =  i iR T
(97)
where P is the pressure expressed in Pa, V the volume in m3, n the number of moles of gas, R the 
universal gas constant 8.3145 J/mol.K and T the temperature in Kelvin, n is therefore:
P Vn =---
R T
(98)
For the inflatable layouts, this can be summarized to:
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e
(99)
where Mgas is the sum of the gas for each element e defined as tori or beams, and T is assumed to 
be 300K at inflation. For the tanks, manufacturers such as ATIC Space Systems, Inc (former PSI) 
provide tank solutions with maximum internal pressure averaging 34 to 37 Mpa (5000 to 5400psi) 
over the range of monolithic titanium tanks. Assuming a similar construction, it is possible to 
derive the necessary physical properties for the IBD tank systems. Assuming a maximum internal 
pressure of 35 Mpa and a maximum operating temperature of 300K, the maximum density of the 
nitrogen is derived again by the ideal gas law:
ftnax =  PkT
(100)
where Pmax is expressed in Pa, p  in lcg/m3, T in Kelvin, and k  is defined as :
(101)
where R and bear the same values as above.
The maximum density of the nitrogen in the tanks is therefore:
n 2 _  3 .5.10 7 *28.0134.1Q~3 
8.314*300
= 393.09kg / nd
(102)
Introducing the external (VText) and internal (Vr,„i) volumes of the tanks as:
(103)
(104)
where 8 is the thickness of the tank and r, its radius. The difference between the two volumes 
therefore represents the structural volume of the tanks:
— n4
3 (105)
where 8 is evaluated following thin pressure vessels theory such that:
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Pq  _  max' mt
2a,
P  r-
— max mt
for spheres (106)
max for cylinders (107)
with cr„m—550Mpa for titanium. The mass of spherical tanks M Tnnk is therefore expressed as:
P i  Tank P struct ^  struct
(108)
where rslnicr  4000 lcg/m3 for a titanium alloy. The volume of compressed gas Vgascoinp can be 
derived from the ideal gas law again such that:
V _
gascomp p
(109)
where n is the number of mole of gas required as computed above, R the universal gas constant 
8.3145 J/mol.K, T  the temperature in Kelvin and Pmax the maximum internal pressure in Pa. The 
number of tanks nTm,k required can finally be determined by the tank capacity VT„„k against the 
required volume of compressed gas Vgascomp where
^Tank11 Tank — Vgascomp
hence, deriving the number of tanks from the expressions above,
(HO)
» Tank =  in t
gascomp 
V V'Tank
+1 = int
nRT
f
t
max 
V  V
4
-  7T
3
P_  1 max
2<t
+ 1
Leading to the expression of the overall inflation system mass Mmf
P i  m t P i  Tank M Tank P i  gas 4  P i  piping
( 111)
( 112)
where MpipilIg represents the pipes and regulation system required to deliver and maintain the 
required pressure for each of the IBD elements. From the IRDT configuration, this mass is set to 
10% Of MjankttTank-
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This section has presented a number of models and methods to design and size both conventional 
parachute as well as inflatable descent systems. Analytical derivations were used where possible, 
but the use of engineering models has sometimes been necessary. These models developed from 
experimental data provide a sound historic basis on which trends can be derived to build new 
systems. But as the descent phase terminates, the landing phase introduces new challenges.
3.2.4 The Landing Phase
The landing phase is highly dependent on the type and design of the mission and can take many 
shapes and forms. Here we will assume that the landing phase starts from the moment the landing 
sequence is initiated by a trigger, such as altitude, velocity or timer, until the complete rest of the 
probe on or under the surface. In this section, the design of a number of landing systems will be 
investigated from the hard-landing penetrator, the semi-hard impact attenuators, to the soft 
powered landing. .But to ensure the proper operation of these systems a careful evaluation and 
characterization of the landing site is required beforehand to maximize the survivability of the 
mission.
3.2.4.1 Landing site characterization
The necessity to characterize a landing site is two-fold. Firstly, it is necessary to identify the 
features on the landing site that may or may not be detrimental to the landing of the mission. This 
include surface features such as slope or rock distribution, but also underground properties such as 
soil composition and hardness for penetrator missions. Secondly, it is necessary to identify 
whether these features may impact the normal operation of the mission: slope too steep or soil too 
loose for rovers to drive on, bedrock too shallow for deep penetration. These features can be 
divided into two categories: topographic and geologic.
Topographic features will include most of the surface features consisting of the topography of the 
surface itself and associated characteristics such as slope, but also accounting for the local rock 
distribution. Geologic features will concentrate on the underground properties such as the soil 
hardness and specific geologic features such as water concentration.
The knowledge of the topography of Mars is constantly being refined. For a number of years, the 
Mars Orbiter Laser Altimeter (MOLA) onboard the Mars Global Surveyor (MGS) mapped the 
surface of Mars to a ground resolution of 300m as described by Zuber [Zuber, T et al. 1992]. This 
data has subsequently been used to generate a 3-dimensional representation of the whole planet to 
a resolution of 1/1281' of a degree at the equator and 1/512* at the poles [NASA 2003], and has 
proven to be extremely valuable to plan new missions as demonstrated by Golombek and 
Anderson for the MER mission [Golombek, Parker et al. 2001; Anderson, S et al. 2002] and
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Bridges for Beagle2 [Bridges, Seabrook et al. 2003]. This data provides large and medium-scale 
topography features such as slope and surface roughness in the order of hundreds of meters as 
shown in the following Figure 89. To achieve smaller scale characterization of these feature, 
images from the Mars Orbiter Camera (MOC) can be used to increase the resolution of the 
MOLA data as shown by Kirk [Kirk, Soderblom et al. 2002; Kirk 2003]. New generation 
instruments such as the high-resolution stereo camera onboard Mars Express (MEX) and the 
forthcoming Mars Reconnaissance Orbiter (MRO) will drastically increase the ground resolution 
and detectability of even smaller features.
180° 240° 300° 0° 60° 120° 180°
  — .....  I I - I I I I I -4— I li.Oi I [>
-8000 -4000 0 4000 8000
Topography [m]
Figure 89 - M G S/M O L A  M ars Topography [NASA 2003|
In this study, the MOLA dataset with the highest resolution available (1/128th degree or 0.463km) 
has been used throughout. The gridded data from the MOLA datasets represent the altitude of the 
local radius of the planet with respect to the Goddard Mars Model (GMM3) areoid defined with a 
radius of 3396 km. The projection is cylindrical and the latitude expressed in the planetocentric 
frame. From this dataset, it is possible to derive a number of interesting landing site properties 
such as slope and slope-based hazard maps. Slope can be calculated from various algorithms and 
the work of Jones [Jones 1998a; Jones 1998b] shows differences in the results they produce. From 
Jones’s study, the third order finite difference algorithm from Horn [Horn 1981] appears to 
provide a very good resolution with a reasonable computational cost. To add to the credentials of 
this method, it has since been implemented in the Geographical Information System (GIS) tool 
Arclnfo from ESRI [ESRI 2005] in the ArcGIS Suite. Since this tool is a de facto standard in the 
industry, it was found important to ensuring consistency between software solutions, leading to
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the implementation of the Horn algorithm in the SPADES/GIS module. This convolution 
technique uses a 3 x 3 matrix of data from the initial gridded data, here the MOLA topographic 
data, and processes the data of a cell in relation with its neighbours. The MOLA data can be 
assimilated to a raster image where the value of the pixels represents the local altitude with 
respect to the areoid level.
a b c
d e f
g h i
The convoluting matrix is set as follow: cells “a” to “i* 
represent the Z values of the data grid and cell “e” the 
data on which is applied the convolution algorithm.
The slope is defined as:
S Z \ 2 ( S Z x2
Slope = arc,an , | | - j
(113)
SZ SZwhere Slope is in Radians. —  and —  are the East-West slope and North-South slope
SX SY
respectively and are defined as:
SZ _ {a + 2d  +  g ) —(c + 2 f  + /')
u r  (1M)
SZ _ [a + 2h + c ) —(g  + 2h + i)
,115)
with SX and SY defined as the grid spacing of the data. In the case of the 1/128th degree MOLA 
dataset this is 463m for both values.
As a new Slope value is generated for each pixel of the initial raster, a new slope raster is 
generated where each pixel contains the local Slope value: the slope map. The resolution of this 
map is well suited to large and medium scale slopes down to 463m, but cannot investigate smaller 
features unless it is complemented with high-resolution imagery. Nevertheless, the work of 
Golombel et al [Golombek, Parker et al. 2001] shows that one relation between measured radar 
RMS slopes and slope suggests surfaces with RMS slopes under 6 degrees have about 5% of their 
surfaces with slopes greater 15°. This observation allows therefore the use of lower resolution 
datasets to infer smaller local features. From this slope map, it is then possible to generate 
mission-specific data to identify where the local slope is greater than the capabilities of the 
landing system such as minimizing the number of bounces of an airbag system down a hill. But 
this could also help with the evaluation of other systems at a preliminary design level such as a 
rover egress from the lander and into the surrounding field. By selecting the maximum allowable 
slope, it is possible to derive “Safe”, “Unsafe” and “Risky” areas fulfilling the slope criteria. The 
following Figure 90 to Figure 92 illustrate the processing of the raw MOLA data to a slope map 
and then into a slope hazard map.
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F ig u re  91 -  S P A D E S /G I S -S lo p e  C o m p u ta tio n , in [deg]
Figure 92 - SPA D E S/G IS -  A ccess/ H azard map based o f a m axim um  slope o f 6deg
107
Chapter 3.Development o f an Integrated Computational Framework
In addition to the slope hazard, it is also of importance to identify the potential hazards from the 
rocks at the landing site. Both the work of Christensen and Golombek [Christensen 1986; 
Golombek and Rapp 1997] resulted in a number of models initially based on surface imagery of 
the Vikings and MPF missions, but also from thermal inertia data from a number of instruments: 
the Infrared Thermal Mapper (IRTM) experiment on the Viking Orbiters, the Thermal Emission 
Spectrometer (TES) instrument onboard MGS, the Thermal EMission Imaging Spectrometer 
(THEMIS) onboard Mars Odyssey Orbiter and finally the Mars Exploration Rover Miniature 
Thermal Emission Spectrometer (Mini-TES).
The collection and processing of this data has been used successfully to forecast the amount of 
potentially hazardous rocks on the surface for both the MER as described by Golombek 
[Golombek, Parker et al. 2001; Golombek and M. 2002], but also for the Beagle2 mission as 
described by [Bridges, Seabrook et al. 2003]. The Martian surface is in general very rocky with 
rocks occupying up to 16% of areal coverage for rocks over 3 cm in diameter. However, the 
problem of reliance on such statistical models was exemplified by Sojourner’s difficulties in 
traversing the rock garden which had an areal coverage of 24.6% of rocks over 3 cm diameter. 
Nevertheless, in some instances rock coverage can also be limited as found at some MER sites.
Golombek and Rapp have proposed in their 1997 study [Golombek and Rapp 1997] an 
exponential model that provides the number of rocks of a given diameter and height for a specific 
area. For the Viking 1 and 2 landing sites, it states:
N ( D )  = L e ' 30
(116)
where L=cumulative number of rocks of all sizes/m2
LVli= 5.61, Lvl2~ 6.84 
Svli= 12.05, Svl2= 8.30
A similar relation gives the frequency of rock coverage for Viking Lander sites 1 & 2,
F (D ) = Ke~qD
where IOcumulative fractional area covered by rocks of all sizes
(117)
Kvu= 0.069, KVL2= 0.176
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q vL i- 4 .0 8 , qvL2— 2 .73
The height of the rocks at VL1 and VL2 are also found from the same model where:
H (D )=  M * D + 0 .0 0 8  (1 1 8 )
where MVu= 0.365 and MVL2= 0.506
This model represents an accurate predictive model providing a 96% correlation with actual Mars 
data of rock size distribution and has been validated against Viking 1 and 2 as well as MPF data 
as shown in the following Figure 93. In addition this figure also shows that preliminary results 
with MER data show that the models hold, with updated L, s, K and q coefficients [Golombek, P. 
et al. 2005],
Diameter (m)
0.01
Figure 93 -  M artian Rock D istribution -  C orrelation  o f  V iking '/j , M PF and 3 M ER transverse data  
against G olom bek and Rapp Rock M odel (G olom bek, P. et al. 2005 |.
To determine the K factor, thermal inertia data is used. As described by Mellon [Mellon and T. 
2001], “diurnal cycles in the surface temperature are strongly dependent on the thermal and 
physical properties of the top several centimeters of the ’’soil”. Many factors have an effect on 
temperature including albedo, dust opacity, and atmospheric pressure, but thermal inertia is the 
key property in controlling these temperature oscillations”. In this context, thermal inertia is 
defined as a combination of thermal conductivity k, density p, and specific heat capacity c, such 
that:
I  = y jk p e
(119)
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It represents the ability of the subsurface to conduct and store heat energy away from the surface 
during the day and to return that heat energy to the surface through the night. This method 
provides a convenient metric to identify a number of terrain features since loose soil and dust will 
have a much lower thermal inertia than boulders and exposed bedrock. Table 22 extracted from 
Mellon [Mellon and T. 2001] gives some examples of thermal properties of analog materials 
(basalt-based) under Mars-like conditions.
Table 22 -Estimated thermal properties of Mars-like geologic materials [Mellon and T. 2001]
M aterial D ensity
S p ec ific  Heat 
C apacity
Thermal
C onductiv ity**
Therm al Inertia
ICg.m-3 J .k g -l.K -1 W .m -l.K -1 J .m -2 .s - l/2 .K - l
Basalt 2 600 800* 2.5 2 2 8 0
Sandstone 2 300 800* 0.5 960
Coarse Sand 1750 800* 0.1 374
F ine Sand 1500 800* 0 .02 155
F ine D ust 1000 800* 0.001 28
* A ssu m in g  a basaltic m ineral com p osition  for each  material.
** A ssu m in g  martian atm ospheric pressures in the interstice o f  the porous m aterials.
Mellon [Mellon and T. 2001] discusses how the thermal inertia of a region of the martian surface 
can be generally related to properties such as particle size, degree of induration (cementing of soil 
grains), abundance of rocks, and exposure of bedrock, including combinations o f these 
properties within the field o f  view. Christansen, Golombek and Putzig have also shown 
through a number of studies [Christensen 1986; Golombek, M. et al. 2001; Putzig, Mellon et al. 
2005] that the bulk thermal inertia of the surface is dominated by the influence of fine materials or 
“fines” leading to lower thermal inertia than the value given above for purely rocky materials. 
Golombek finally proposes a nomograph to relate the bulk inertia observed from orbit with the 
rock abundance as shown Figure 94.
Rock o f 1300 and 
fines o f  77 SI
0 0.1 0.2 0.3 0.4 0.5
Rock Abundance
Figure 94 - Plot of rock abundance versus bulk thermal inertia for various lines of constant tine 
component inertia [Golombek, M. et al. 2001]
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For this figure, Golombek notes for inertia in J m : s i: K 1: “Solid lines are for an effective rock 
inertia of 1300; dashed lines are for effective rock inertias of 2500. Intermediate values of 
effective rock inertia (e.g., 1700, and 2100 SI units) fall in between these two for each group of 
fine component thermal inertia values. Fine component thermal inertia values of 77, 114, 168, 
249, 367, and 542 are shown and can be distinguished by where these curves intersect the ordinate 
or the line of zero rock abundance.” Originally created by Mellon [Mellon, T. et al. 2000], Putzig 
and Mellon [Putzig, Mellon et al. 2005] revisit the mapping of the bulk thermal inertia from TES 
data and generate a new map as shown in Figure 95.
Figure 95 -  Bulk T herm al Inertia from  T ES m apping |P utzig, M ellon et al. 2005]
To complete the picture of the surface of the planet, the surface features and materials and the 
local albedo is compared. From the work started by Mellon [Mellon, T. et al. 2000], Putzig and 
Mellon [Putzig, Mellon et al. 2005] identify a number of similarities and a link between thermal 
inertia, albedo and soil properties, resulting in the following conclusions summarized in Table 23 
and Figure 96.
T able 23 - M ars T herm al Inertia - A lbedo Units
Unit Inertia Albedo % Surf. Interpretation
A Low (28-135) High (0.23-0.31) 19 Bright unconsolidated fines
B High(160-355) Low (0.10-0.19) 36 Sand, rocks, and bedrock; some duricrust
C High(110-330) Med. (0.19-0.26) 23 Duricrust; some sand, rocks and bedrock
D Low (24-170) Low-med. (0.09-0.24) 2 Low density mantle or dark dust?
E High(140-386) Very Low (< 0.09) 0.3 As B, but little or no fines
F Very high (> 386) All 4 Rocks, bedrock, duricrust, and polar ice
G Low-high (40-386) Very high (> 0.23) 0.7 As A, thermally thin at higher inertia
The data for the landing sites presented in Figure 96 are compiled in the following Table 24.
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T abic 24 - T herm ophvsical data for theV iking and M PF landing sites (Putzig, E. et al. 2003]
Site Inertia 
J m  K. s Albedo Unit
VL-1 283 0.22 C
VL-2 234 0.24 C
MPF 387 0.19 F
90
60
30
0
-30
Units
Figure 96 -  M ars T herm al Inertia-A lbedo Units -  V L -1/2,V iking 1/2, M PF, M ars Pathfinder
From the two maps, and the rock distribution relations described above one can investigate a wide 
range of surface features of potential landing sites on Mars. These models and methods have 
proven to be reliable and consistent over a wide range of pre-mission (MER) and post-mission 
data. But as much as the surface features are important for any landing system such as airbags or 
legged landers, the properties of the sub-surface are also of importance for the evaluation of 
penetrator missions from the scientific but also mechanical perspective. The figures above already 
hint at some of the mechanical properties such as hardness of the soils from the soft and dusty to 
hard duricrust (agglomerate of fine particles) and rocky. But a number of maps generated from 
thermal imagery and neutron spectrometry can provide significant additional information about a 
particular location such as bedrock composition or water content as shown with Figure 97 to 
Figure 100 (all maps are centered on 0E,0N ).
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Figure 97 -  B edrock Properties: TE S- 
derived Basalt m ap(B andfield , J.L . et al. 
20001
Figure 98 -  B edrock Properties: T E S- 
derived B asalt-A ndesite / Andesite  
m ap|B andfield , J.L . et al. 2000|
Figure 99 -  Possible W ater Location: TE S- 
derived H em atite m ap.(C hristensen , R. et 
al. 20001
+60
+30
0
-30
+135 +180
Figure 100 -  Possible W ater Location -  W ater Equivalent H ydrogen A bundances overlaid on M OLA  
topography. M ass percents o f  w ater w ere determ ined from  the Neutron Spectrom eter aboard M ars 
O dyssey between February 2002 and April 2003. (LAN L 2003]
To understand the sub-surface properties of the landing site, both the basalt and andesite (Figure 
97 and Figure 98) maps must be studied with the previous thermophysical maps presented above 
(Figure 95 and Figure 96). The basalt/andesite map will provide valuable information on the type 
of rock while the thermophysical map will provide its form: sand, bedrock or boulders. This in
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turn can be translated into a hardness coefficient as discussed later for penetrator missions. For 
scientific purposes, the search for water is both important for astrobiology and future human 
presence on Mars, hence the drive to send missions where water is or may have existed. Hematite 
is an iron oxide mineral often produced in presence of water on Earth. Although other processes 
can lead to Hematite, the hydrogen abundance map, Figure 100, would tend to validate this 
hypothesis for the “hot spot” found in Figure 99. But other maps can be built to focus on other 
scientifically interesting minerals such as olivine or a number of carbonates.
From this data, and in particular the rocks and slope properties, the author developed a new terrain 
generator called MarsGen [Allouis and E 2004] in the course of this study for the purpose of 
testing potential chassis systems of future rovers. This tool was then embedded in the software 
suite RMPET (Rover Mobility Performance Evaluation Tool) from Patel [Patel, Ellery et al. 2004] 
developed for the European Space Agency contract 18191/04/NL/PM entitled "Mars rover: Rover 
Chassis Evaluation Tool (RCET)". MarsGen posseses the unique feature of generating 
automatically SolidWorks models of terrains with accurate statistical distribution of the rock 
population for a given landing site. Currently implemented with the Viking 1 and 2 landing site, 
user inputs can also be used to generate any particular landing site with any given slope (Figure 
101 to Figure 106).
M ars T errain G en erato r For SolidWorks
Figure 101 -  M arsG en User Interface and Project Set Up
Prelect Properties TerremSae j Rock OstrtwOofi j Oc*xjt Panel j Project Properties | Te rro rism  Rock Distribution |<XpUtPenel |
Terrain D im e n s io n s --------------------- *---------------------------------------------------
Dimensions of the doman ( the base) on which the rocks are generated.
Presets 
smbybm
<• 5m by 10m 
C  5m by 20m
Rock Distrfcution
Select a site and select the rocks to generate. Then refresh the data, espedaly f  User Data s  
used.
Landing Sites
Rocks cfcam Nb of Rocks Heights
Cm]____  [»]
width (X ) :
Length (Y ) :
Slope (S) : | 10 deg
fv' Add Rover Startup Area 
Rover Startup
c  At Top <• At Bottom
<• Wdng2 
C  User Data
The Rover Startup Area is a fiat surface on 
one side of the t err a n  to facilitate the setup of 
the dynamic simulation and avoids that the 
rover starts on a rock.
□ i 0 0.514
0.8 O i 0.4128 1
0 0.5 5 0.261
0 0.3 28 0.1598al 0.15 98 0.033-3
□ 0.075 183 0.04595
□ 0.03 266 0.02318
□ 0.01 314 0.01306
Figure 102 -  M arsG en -  T errain Set Up Figure 103 -  M arsG en -  Rock D istribution Set up
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Figure 104 -  M arsG en -  3D m odel O utput for a 10 degree  
slope and 580 rocks
Figure 105 -  M arsG en -  T op view  
O utput
Figure 106 -  ExoM ars C oncept E C hassis Sim ulation. The R ock-Free Band o f  Terrain (left) is used to 
Facilitate the Setup o f  the R over M odel on the T errain .
But the use of this tool is not confined to that unique application. This terrain generator has been 
used successfully as a standalone tool for the ESA Bionics & Space Systems Design Contract 
(AO/l-4469/03/NL/Sfe) investigated by Scott and Ellery for legged robotic surface explorer. Its 
text file output can also be used to simulate typical Mars terrains for rover navigation systems and 
is currently used to investigate potential field navigation algorithms at the Surrey Space Centre.
This section has shown a number of methods to characterise potential landing site from a 
topographical point of view with large and small-scale features such as slopes and rock 
distribution. But it has also shown that thermal inertia data as well as neutron spectrometry can be 
used to infer a number of sub-surface properties useful in the operational and scientific planning 
of a lander mission
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3.2.4.2 Penetrator Missions
In the class of hard-landers, penetrator missions are focusing on targeting sub-surface layers of 
soil to either perform a number of experiments on the actual penetration (penetrometry) or deliver 
a scientific payload underground for in situ research such as water detection, seismic, or geologic 
studies. This section will primarily describe the mechanical design and the evaluation of the 
performances of penetrators. Typically, the impact velocity, the shape of the penetrator and the 
soil it penetrates play an important part in the penetration depth.
Figure 107 -  Deep Space 2 M icroprobe -  Surface package, left and penetrator, right
For the purpose of this study, the evaluation of the penetration depth is required from a model that 
does not require heavy computer resources while being reasonably accurate. The work of Young, 
a researcher at the Sandia Laboratory is widely cited [Young 1967] as the author of a number of 
empirical models based on the testing of ordnance. In 1997, the models are generalised and 
updated [Young and C.W. 1997] and are now known as the Young’s equations or the Sandia 
equations of penetrations. Although it lacks a sound physical basis and dimensional consistency, 
this method has been used in missions such as the Deep Space 2 (DS2) probes to size the 
penetrator [Lorenz, Moersch et al. 1999] and has been validated by experimental tests [Lorenz, 
Moersch et al. 2000]. The model states for and impact velocity V:
For V < 61 m/s
D  = 8 x 10"4 5/V (— )°  7 ln(l +  2 .15  x 10"4 V 2 ) so il, rock & concrete  
A
D  = 2 .4  x 10"4 5/V (— )° 6 ln(l + 2 .15  x 10 -4 V  2 ) ln (50  + 0 .2 9 w 2 ) ice & frozen so il (1 2 0 )
A
For V> 61 m/s
D  = 1.8 x 10 -5 S N (— )0J (V -  3 0 .5 ) so il, rock & concrete  
A
D  =  4 . 6 x 10“6 5/V (— )° 6 (F  -  3 0 .5 ) ln (50  + 0 .2 9 m 2 ) ice & frozen so il (121 )
A
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where D is the penetration depth in metres, S is the penetrability index (typically 1-5 for hard 
targets like frozen soil, and 10 or more for loose soil), A  is a nose performance coefficient, in is 
the mass of the penetrator in kg, A is the cross-sectional area in m2 and V is the impact speed in 
m/s. For lightweight penetrators the equations above are multiplied by an appropriate coefficient 
K  as shown Table 25.
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Table 25 - Young's Equation - Lightweight Penetrator Coefficient
Soft Targets Hard Targets
If 2 kg <  m <  27 kg K = 0 .27m OA 
Else K =  1
If 5 kg <  in <  182 kg K  = 0.46/?;0-15 , 
Else K  = 1
All above equations include a nose performance coefficient, N. Originally it was developed based on 
soil penetration data, and most o f the data was from tests at relatively low impact velocity. It was later 
proven that the same coefficient applies when the target materials are rock, concrete, ice and frozen 
soil, and further that there appears to be no velocity dependence. To calculate N  for tangent ogive and 
conic nose shapes, the following equations can be used:
Table 26 - Young's Equations - Nose Performance Coefficient
Tangent Ogive Nose Conic Nose
Non Blunted N  =  0.1 SL„ / d  +  0.56 (124) 
Blunted N  = 0.9(L„ +  Ln) l d  +  0.56 (126)
N = 0.25Ln / ( /  +  0.56 
N  = 0.125(L;i + La ) / d  +  0.56
(125)
(127)
where Ln and L is the original and blunted nose length, respectively, and d  is the penetrator 
diameter. Although the Young Equations are well suited for heavy to medium projectiles for 
which they have been designed, they do not cope well with small and lightweight penetrators. For 
the DS2 mission, Lorenz [Lorenz, Moersch et al. 1999] proposed a modification to the Young’s 
Equations so that:
D  =  6 . 0 x l 0 “ 8 S 0'5 f — 1  V 2
( 1 2 8 )
As noted by Lorenz [Lorenz, Moersch et al. 2000], for a given impact speed, the penetration depth 
relates to the average deceleration i.e. it can be shown that for a given V resulting in a penetration 
depth D, the average deceleration is given by V~/2D, assuming a one-dimensional motion and a 
rectangular acceleration pulse. For DS2, the forebody of the micro-penetrator was designed with 
m = 2.5 kg, A = 0.002 m2 (diameter of 5 cm) and N  = 0.935. For the expected impact velocity of 
200 m/s and for S range of 3—9, experimental tests have shown that the RMS error produced by 
the Young Equations is about 0.2m, but only 0.09m for the modified equation. The following 
Figure 108 shows the performance predictions of this new model compared to experimental
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values. Additionally, the field test investigated the influence of penetration angle on the 
penetration depth as shown Figure 109. Rather counter-intuitively, the results of the field tests 
confirm the lack of influence of the angle of penetration on the penetration depth as suggested by 
Young’s empirical model.
Angle effects
0.0 '■ . .. I , I . . . I ^  .J
0.0 0.? 0.4 0 .6  0.8
Acluol Penetration Oeplh (m )
10 lb  20 2b JO JS 40  
(Attack' + Incidence1)** (degrees)
Figure 1 0 8 -D S 2  -P erfo rm a n ce  
Predictions o f  the Penetration  
M odel[L orenz, M oersch et al. 1999)
Figure 109 -  DS2 -  E ffect o f  the 
Penetration angle on the Penetration  
Depth [Lorenz, M oersch et al. 1999|
In direct relation with the discussion on landing site characterization, the S number of the soil can 
be inferred partly using the “Thermal inertia-Albedo Units” map to provide the type of soil at a 
given location and cross checking the data with the thermal inertia maps of the bedrock 
properties. Then the following Table 27 provides the guidelines to select the right range of S 
numbers for penetration studies.
T able 27 -  Penetrability S o f  typical Soils
Soils S-num ber T arget Description
2 - 4 Dense, dry, cemented sand. Dry caliche. Massive gypsite and selenite deposits.
4 - 6 Gravel deposits. Sand, without cementation. Very stiff and dry clay.
Typical
Soils
6 - 9  
8 - 10
Moderately dense to loose sand, no cementation, water 
content not important.
Soil fill material, with the S-number range depending on 
compaction.
5 - 10 Silt and clay, low to medium moisture content, stiff. Water content dominates penetrability.
10- 20 Silt and clay, moist to wet. Topsoil, loose to very loose.
20 - 30 Very soft, saturated clay. Very low shear strength.
Ice/Frozen
Soils
2.25-3.25
3.25-7
Completely saturated frozen soil
Partially frozen soil (transition not well defined) leading to a 
top value as high as 7)
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2-3 Boulder Field, with air between boulders
Other soils  ^ ^ Rock rubble (defined as material excavated from a rock
formation
A number of other penetration models exist and can be classified as empirical, physical or 
numerical. Empirical models such as Young's include the work of Maurer and Rinehart as 
discussed by Komhauser [Komhauser 1964] who produces an other dimensionally inconsistent 
penetration formula from test data. Physical models rely on an idealised model of the forces on 
the penetrator from which the dynamic can be predicted. Robins-Euler, Poncelet or Resal, are all 
examples of physical models dating back to 18th and 19lh centuries ordnance and weapons studies. 
Beyond the empirical and analytical models of penetration, numerical models provide various 
levels of numerical sophistication: from the simple SAMPLL code, developed by Young to full 
blown 3-dimensional hydro-codes. Considering the scope of this study to investigate typical 
penetrator missions, the Young model provides a reasonable accuracy for little computing 
requirements, and is therefore fit for this type of stochastic preliminary studies.
3.2.4.3 Impact attenuators
Although hard landers such as the penetrators allow the deployment of small masses on the 
surface for a limited EDLS mass, the scientific payload they carry must be able to sustain the 
impact deceleration often in hundreds or thousands of g’s. To protect rugged, but more delicate 
payload, semi-hard landing may be necessary. This implies the use of an energy absorption device 
to cushion the impact. Impact attenuators as discussed in the literature review can take many 
shapes and forms and we will consider here crushable structures, bouncing and vented airbags and 
provide the key parameters to size these landing systems. In the latter part the sizing of rocket 
assisted descent systems will be briefly discussed.
As the lander descends toward the surface, the impact attenuator needs to absorb the remaining 
energy of the entry and descent phases to maximise the survivability of the payload.
Figure 110 -  C rushable structures -  Im pact Set up, Acr: C rushable Area, Vv: V ertical V elocity, s: 
stroke, Tt: T hickness o f crushable material
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As discussed by Knacke [Knacke 1992], the energy absorbed at landing is equivalent to the 
decelerating force F acting over a distance s, leading to:
where F [N] can be expressed as F=nmg with mg the weight of the system and n the maximum 
deceleration allowable in term of g’s. This maximum deceleration factor n will be very much
has to be noted that it will represent a design feature and not an output in the following design 
equations to size the impact system to limit the deceleration to this prescribed value.
Considering only vertical deceleration at the moment of impact, the total mechanical energy E  of 
the system is therefore:
Solving for the deceleration distance or stroke s, and introducing the efficiency of the impact 
attenuator q, the stroke is
where Vfmai will be usually zero for an impact condition. This expression only accounts for 
vertical deceleration and will be applicable to most impact attenuator systems. Movements in the
system like MER did, the use of an omnidirectional impact attenuator, or both.
In the case of crushable structures, the absorption properties of the crushable material are of 
importance. The total energy the structure may absorb can be expressed with respect to the 
Internal Energy of the structure noted I [Hexweb 2005]. At impact the Total Mechanical energy E 
and Internal Energy of the structure equates, leading to I-E , where
with f dy„r the dynamic force, fcr the crush strength, Acr the crushable area and s the stroke. 
Considering factors such as the compression of the material, the achievable stroke is a represented 
as a percentage of the initial thickness Tc of the crushable structure such that s=kTc, where k is the
E = J  F(s)ds
(129)
dependent on the structural and mechanical properties of the lander and its payload. In addition, it
(130)or
with g the local acceleration [m/s2], m the mass and the velocities boundaries Vj„i and Vn„ai [m/s].
(131)
horizontal plane must therefore be minimized or taken care of by means of a transversal rocket
/  AiY/iA with Fdyn ~fciAcf (132)
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stroke efficiency factor (usually 0.7 for aluminium honeycomb). For a given fcr available from 
manufacturers, the area required to absorb the energy is:
, m V J + ln m g s
cr ~ i f
J c r S  (1 3 3 )
Reciprocally, for a given area, the crush strength of the material must be
mV2ni + Inmgs 
2  A  v
cr (134 )
The average deceleration Aai.g is found by the relation [Kornhauser 1964]
V 2
avg 2 s
(1 3 5 )
But, as the vehicle impacts the ground, a peak of deceleration is transmitted to the vehicle as the 
crushable structure resists deformation as shown Figure 111. To avoid this initial load, structures 
such as pre-crushed aluminium honeycomb are available to provide a smoother deceleration. The 
mass is quickly derived from the surface area required and the thickness of materials. For a given 
material, either its areal density (honeycomb) or volumetric density (balsa, foam...) will be 
provided.
Figure 111 -  C rushable structure -  A lum inium  H oneycom b loading and pre-crush ing effect [H exw eb
20051
The use of airbags systems is another impact alleviation technique where the compression of a 
gas in a bag absorbs the energy of the impact. This system requires relatively little storage volume 
compared to crushables and have a high energy absorption capability per unit mass. Moreover it
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uses almost 100% of the compression stroke available[Knacke 1992]. A number of studies and 
mission papers can be found in the literature that details some aspects of the airbag design such as 
the MPF airbag development details from Waye [Waye, Cole et al. 1995] or NASA earlier 
developments and test on omnidirectional airbags [McGehee, Hathaway et al. 1969], torus airbags 
[McDonnel-Douglas-Astronautics-Company 1968] and manned-qualified airbag systems [Fisher 
I960]. Esgar and Morgan [Esgar and Morgan 1960] also provide a relatively complete picture of 
the analytical work behind the design of airbags and is widely cited in most airbag works.
In this analysis, a number of assumptions were made:
o The airbags are flexible, but inelastic i.e. they will not stretch under pressure, 
o The gas pressure force is the only force that causes the mass to decelerate, friction, bag 
bending resistance, and aerodynamic drag are neglected, 
o The compression of the gas occurs adiabatically, 
o The vehicle is descending vertically.
As described in the work of Waye [Waye, Cole et al. 1995], the sizing of an airbag system is in 
some respect very similar to the sizing of crushable structures since the stroke is found using 
Komhauser expression of average deceleration solving for s such that:
V2
j  A
avs [m] (136)
Although deceleration can be of higher intensity in the course of the total deceleration, this 
average deceleration Aavg will be used here as the maximum load to dampen down and will 
therefore be a design driver in the following derivation and not an output. In this expression, 
Waye notes that to take rocks into consideration, their height must be added to the stroke to avoid 
contact on the first and most powerful rebound leading to:
V2 .
•* =  —  +  h  R o ck
avs  [m ] (137)
The vertical acceleration can be found by summing up the inertial and gravitational forces 
[McGehee, Hathaway et al. 1969] and comparing them to the pressure exerted on the footprint Ab 
of the bag on the ground such that
m a  + m g  = (Pb - P a )A b
(138)
where a is the vertical acceleration, m the mass of the system, Pb the pressure in the bag and P„ the 
ambient pressure. Solving for the acceleration leads to
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<i = y = {Pb-Pa)—  + g m
(139 )
For a spherical bag, the footprint Ab is assumed to result from the intersection of the ground plane 
with the envelope of the bag at a depth h as shown Figure 112.
Figure 112 -  Spherical A irbag System  Nom enclature
The area Ab is therefore
Ab(t) = nh{t)(2Rb -h{t))  
Leading to a volume Vk expressed as
Vb ( t ) ^ 7 t R l - ~ n h ( t ) 2 ( 3 R b - h ( t ) )
(140)
(141)
where h(t) [m] is time dependent depth of the perfect sphere into the ground, or stroke. Under 
actual conditions, the gas is compressed and expanded through polytropic processes. However, 
due to the uncertainties and complexity in defining such polytropic processes, a reversible 
adiabatic process is assumed. The number of mole of gas in the bag, based on the ideal gas law, is
P  V1 bini bini
RT,bini (142)
where Pbini, Vbim and Thini are the initial pressure, volume and temperature inside the bag and R the 
gas constant. Following the adiabatic assumption, one can write
p i/y — p i/y
bini bini bfin ’ bfin
(143)
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where Pbf,n, Vf,n are the pressure and temperature inside the bag at any given final state, y is the 
specific heat ratio estimated to 1.66 for monatomic gas and 1.4 for Nitrogen. Knowing the 
compressed volume Vb(t) at a given time, one can derive the change in pressure Pb(t) as
P V y 
Pb(t) = bini bM
Vb?Y  (144)
Similarly, the temperature reached inside the bag at the final state is Tb(t) and expressed as
Pb{t)Vb(0
R" (145)
nu)=
hence at any given time, the acceleration of a payload is finally expressed as
y - { P W )-P .)— +g
(146)
A number of methods are provided by the literature to estimate the required Pbini. Knacke 
evaluate Pmax such that the total deceleration force equates the pressure of the bag times the area 
of the footprint
mng e — Pmax ±
(147)
where n is the maximum g’s allowable, m the mass and ge=9.81 m/s2. Ab will be taken as the 
maximum area of the footprint of the airbag. But to include ambient conditions, the acceleration 
equation can be solved for Pb(t) where Pb(t) is Pmax and the acceleration is nmge as in Knacke 
equation, leading to
nmgc +  mg 
P  m a x  = --------------------- +  P„
(148)
This expression gives the required maximum pressure in the bag when compressed to its 
maximum stroke, while keeping the acceleration of the vehicle below the maximum allowable 
level. Solving the problem backward, the initial bag pressure can be derived from the adiabatic 
assumption such that
pmnv y f
binip  _  _ m a x  in i»
V r' bini (149)
where Vmin is the volume of the bag at maximum stroke, and y is 1.4.
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For the Beagle2 mission, using a maximum allowable acceleration of 50g’s and an impact 
velocity of 20m/s lead to a required stroke of 0.4m. If the payload is shielded inside a spherical 
airbag, the radius will equates the stroke, half the thickness of the vehicle (0.135m) and the rock 
margin to survive direct impact on a rock. The rock margin was 0.5m for MPF. Assuming the 
same rock conditions, the diameter of the bag would be 2.07m. In reality, the diameter of the 
airbag on Beagle2 was designed for a diameter of 1.93m. Using a footprint equal to the area 
where the sphere meets the ground plane at the required minimum stroke of 0.4m Figure 112, this 
gives an area of 1.95 n r . With an ambient pressure of 7 mbar or 700Pa, the maximum internal 
pressure is derived to be 12992 Pa. Computing the initial pressure leads to a Pbini of 10949 Pa 
with the acceleration equation and 10281 Pa with Knacke expression. The actual internal pressure 
is documented to be 10342 Pa or 1.5psi. The error in the two cases is 5.8% and 0.58% 
respectively showing a very good correlation.
This method is then applied to the MPF configuration shown Figure 113.
Figure 113 -  M PF A irbag C onfiguration  with lobe details (left), corner footprint area (top right) and
lobe footprint (bottom  right)
The footprints of the tetrahedral structure are defined for the lobe as the area of the circumcircle 
of the lobe minus 3 segments, and for the comer footprint as the maximum area of the 3 spherical 
bags. Since the corner footprint is the smallest, it was chosen as the baseline. From Knacke’s 
expression, Pmax is 23142 Pa and the acceleration equation gives 24318 Pa, leading to an initial 
bag pressure of 9083 and 9630Pa respectively. Compared to the original 10600Pa at which the
125
Chapter 3.Development o f an Integrated Computational Framework
airbags have been inflated for the mission, these values represent 14.30% and 9.95% error 
respectively. Again, good correlation is found, with the acceleration equation performing 
marginally better that Knacke’s expression.But while the overall behaviour of the bags can be 
estimated, these simple models will be limited in the amount of details they provide. Indeed, they 
cannot account for complex geometries and dynamics that only tests and higher order designs can 
possibly estimate properly: no provision is made for the fact that the lobes of the airbags 
communicate with each others through a number of orifices that complicates the dynamic of the 
gas from one bag to its neighbours. From tests and actual flight configurations, the pressure range 
inside the airbags has been shown to vary from lpsi for MER [Adams 2004] to 1.74 psi for MPF 
tests configurations [Waye, Cole et al. 1995]. This translates to 6900 Pa and 12000 Pa 
respectively. In operation however, MER, MPF and Beagle2 airbags were inflated at the pressure 
within the range 1 to 1.53 psi, or 6900 to 10600 Pa, averaged to 8750 Pa. The acceleration 
equation has been shown to provide more consistent results than Knacke's in estimating the 
internal pressure of airbags, and therefore it will be used throughout the study.
Directly in competition with these omnidirectional airbags, vented or dead-beat airbags provide a 
unidirectional solution to the impact by venting the overpressure of the gas caused by the impact 
to the ambient pressure.
As the airbags deform on impact the pressure rises, while a number of orifices are blown open at a 
pressure or deceleration threshold to let the flow escape. The following Figure 116 is a typical 
airbag pressure-stroke diagram. From this figure, Knacke notes [Knacke 1992]: “At ground 
contact, the bag starts to compress, increasing the internal pressure until point A where the 
pressure relief valves open simultaneously. The pressure increase lessens until the allowable 
pressure level is reached at point C. A gradual pressure decay follows”. The design of the orifices
Figure i 14 -  E xoM ars V ented A irbag -  Figure 115- ExoM ars Vented A irbag -  A
C oncept show ing a conipartm ented layout second non-vented airbag (blue) prevent
and 3 o f the 6 orifices (dark pink patches) bottom ing o f  the platform  on im pact
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or pressure valves contributes significantly to the efficiency of the bag. Ideal orifices permit the 
gas pressure to rise to point B and remains constant until ground impact.
EFFECTIVE STROKE (%)
Figure 116 -  Vented Airbag Pressure versus Stroke [Knacke 1992]
The work of Esgar [Esgar and Morgan 1960] and Waye [Waye, Cole et al. 1995]provide an 
expression to derive the mass flow rate through these orifices. Reciprocally, it can be used to size 
the orifices knowing the mass flow rate required to deflate the airbag during impact. This 
expression for the mass flow rate will depends on the conditions at the orifice, depending whether 
the flow is subsonic or sonic. For a diatomic gas such as Nitrogen, Waye notes that if the static 
pressure ratio, i.e the pressure of the gas downstream to the pressure of the gas upstream, is 
greater than 0.5283, the flow will be subsonic. If this ratio is smaller than 0.5283, the flow is sonic 
at the orifice. The expressions below will be derived with the nomenclature presente in
Table 2 8 -  Airbag Equations Nomenclature
S y m b o ls S u b s c r ip ts
A Area 0 atm ospheric
<7* Sp eed  o f  sound b a g Bag
k discharge co effic ien t g a s Gas
M M ach N um ber in i Initial
P pressure tlx Throat /  or ifice
R G as constant
T Tem perature
V G as V elo c ity
w M ass f lo w  rate
r S p ec ific  H eats ratio
p D ensity
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The mass flow rate W  at the orifice throat is defined as
dW
dt
W — kAlhp lhv lh
(150 )
Where k is the discharge coefficient for the orifice, A,i, the area of the throat, vti, the velocity of the 
gas in 111/s and p th is the gas density at the throat defined by
Pih ~ Pth
(1 5 1 )
where pth is pressure of the gas at the throat in Pa, Rgas the gas constant in J/kg.K and Tth the 
temperature at the throat in Kelvins. The gas velocity at the throat in term of sonic condition is
v th = M tha tb
where Mth is the mach number at the throat and a,7  , the speed of sound in the gas is
(152 )
ath yj yRgaff,,.
(153 )
where y  is the ratio of specific heats with Rgas and Tth as defined above. The mass flow rate is 
therefore expressed with the nomenclature above as
W = kAthp lhM !h
RgasRh (154 )
For a subsonic flow, Esgar [Esgar and Morgan 1960] shows that the mass flow rate can be 
obtained by:
W = kAlh p Q _
R Tngas1 bag
v-\ \
2y [ Pint 1 r 
f t - l l  Po
I'-l \
Pba
P 0 (155)
where po is the external pressure and p ini the initial bag pressure and all other symbols bear the 
same definitions. From the expression above, McGehee [McGehee, Hathaway et al. 1969] 
provides an approximate expression of the mass flow rate for subsonic orifices such that
W  = 0 .4 6 5 4 , JRgasPbagPgas Po
Pb,’<tg y (156)
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with Rgas is defined as
n _*'gas
(157)
where R is the universal gas constant and mgns the molar mass of the gas. Similarly, Esgar shows 
for a sonic orifice that the mass flow rate is expressed as
W  =  kA,i, p 0
R T\  gas bag
y-\
r +iJ
Pbag
P  0
c-\ ^
-1
(1 5 8 )
derived by McGehee to
W  =  \ 0 . 4 4 9  +  0 .2 4 1 Po A., kgas Pbag Pgas
V Pbag j
The mass of the airbag system can be derived so that
M  airbags M  bgas 44 gassyslenl ^
1- Po
Pb,'«S J (159 )
bsintcltire
(1 6 0 )
Where the mass of the airbag system is the sum of the mass of the gas, the gas system (tank or 
generator) and the structure of the airbag. The mass of the gas Mi,gas can be derived in a manner 
similar to the inflatable structures from the following expression:
Mbgas nM t
(161)
where Mm the molar mass for N2 is 28.0134 g/mole. Again, n is the number of mole required and 
is found with the ideal gas law such that:
PV
R T (162)
where P  is the pressure expressed in Pa, V the volume in m3, n the number of moles of gas, R the 
universal gas constant 8.3145 J/mol.K and T the temperature in Kelvin. The mass of the gas 
system can either be derived by the computation of the tank necessary to store the gas or by 
assuming a fixed mass for a gas generator. For MPF and MER, the inflation system relied on 3 
gas generators with a unit mass of 3.251cg for MPF [Cadogan, Sandy et al. 1998]. MPF and MER 
also used a retraction system amounting to 6.2 kg (MPF).
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The mass of the airbags structures is estimated as for the inflatable structure by multiplying their 
area by a typical areal density. Both MPF and Beagle2 used a multilayer construction consisting 
of an inflatable bladder and a number of abrasion layers or sacrificial layer shielding the bladder 
from rocks. From the MPF geometry and construction, the following properties have been 
derived:
T able 29 - A irbags A real D ensities
_________  Areal Densities [kg/m2]
Bladder 0.343
Abrasion Layers ________ 0.448 ______
These areal densities have been calculated for the typical bladder and abrasion layers layout and 
include additional elements such as tendons as well as packing and release mechanisms. The 
abrasion layer value averages the value for the 3 abrasion layers for MPF and should not be taken 
as the value per layer. Applying these densities to the 3-bags Beagle2 configuration with one 
bladder layer and an abrasion layer (MPF averaged) on the outside of the sphere leads to an 
overall mass of 12.11 kg. The actual Beagle2 airbag system weighted 12.9 kg including the 
lacing, harness and packing bag. Compared to the estimation, this represents an error of 6.11% 
that was deemed acceptable for this type of modelling.
To complete this section on semi-hard landing, the sizing of a typical Rocket Assisted Descent 
(RAD) system will be briefly discussed. Typically, the RAD is fired few tens of meters above 
ground (90-110 m) so that the payload decelerate from parachute terminal velocity to zero in a 
matter of seconds. The payload shielded by airbags is then dropped on the surface from an altitude 
of about 10-15 m (as shown Figure 117). These systems used for both the MPF and MER 
missions allows greater terminal velocities at the end of the descent phase and facilitate the 
landing by providing a known landing state. In addition, a Transverse Impulse Rocket System 
(TIRS) may be used to cancel horizontal velocities. The RAD system is composed of 3 solid 
propellant rockets located in the backshell at 120 degrees from each other. From MPF data, the Isp 
of the rocket has been found to be 265s. The mass of the system is found by deriving the AV the 
rocket system must achieve at the end of the burn. This value is the terminal velocity of the probe 
minus the velocity reached at the end of the burn, ideally Om/s.
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Figure 117 -  Landing -  Illustration o f  the  
M ER RAD operation on M ars
From the rocket equation, AV is defined as
Figure 1 1 8 -  M ER B ackshell and RAD  
location (in red)
AV = Ispg0 In initial 
m  final (163)
where the Isp is in sec, g(, is 9.81, mim,iai and mfinal are the mass in kg of the probe before and after 
the bum. The difference between them is therefore the mass of the propellant. Solving for mfina, 
leads to
final
m  initial 
A V
(164)
The mass of propellant is therefore
™ prop ^  initial M fina l
, and mpror/3 for each of the 3 rockets (165)
The rocket actually stores more propellant than just the required amount to allow the ejection of 
the propulsion system out of reach of the bouncing airbag. From MPF data, this amount of 
additional propellant has been computed to 1.6 the amount of required propellant. From past 
missions and test campaigns on the RAD and TIRS systems, the ratio of the structure to the total 
mass of propellant has been derived to 0.52. The overall system mass including propellant, 
structure and additional propellant is therefore
= 1.6it»___(l + 0.52)
(166)
«ol*|
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P i  R A D  2.432/17in itia l AV
, lspgQ (167)
It has to be noted that this derivation assumes a vertical thrust. Correction for slanted thrust should 
be made for further analysis of a particular configuration.
In this section, the semi-hard landing of a payload has been discussed. A number of relations have 
been provided to estimate the mass of landing systems based on crushable materials such as 
aluminium honeycomb, but also using airbag technologies. From vented and noil-vented airbags 
to rocket terminal descent, the sizing of such systems has been investigated to build an overall 
understanding of the engineering issues involved in the design of such system..
3.2,4,4 Powered landing
Having covered hard and semi-hard landing, soft landing represent the other end of the landing 
deceleration scale. This type of landing is generally, but not always heavier than the other landing 
systems since it has to absorbs greater landing energy. In the background presentation and the 
literature review, both the Viking and Mars Polar Lander (MPL) have been introduced briefly. To 
date, these are the two Mars missions built for powered landing. The blow-down throttleable 
system of the Viking mission proved to be a success while mechanical problems have hampered 
the landing of MPL that used pulsed-thrust technology. But it is hoped that the forthcoming 
Phoenix Mars Mission (PMM) largely based on MPL will demonstrate these systems in the field. 
In this section, we will be discussing powered landing as a mean to provide a soft landing to 
deliver a less ruggedised payload on the surface and will be discussing both mechanical and 
control issues.
The propulsion system is composed of a number of engines working either on blow-down or 
pulsed mode, propellant, propellant tanks and finally piping and valves. The mass of the engines 
can be found in the literature while the mass of the piping and valves will be neglected at this 
stage assuming their mass is small compared to the combined mass of the propellant, tanks and 
engines. The propulsion system is designed to decelerate the probe from the parachute terminal 
velocity down to a prescribed velocity compatible with the landing system. This velocity 
difference, noted AV, will therefore be the main driver to size this system.
From Newton’s law applied to the lander,
ma = I,F
(168)
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in  a  =  T h r u s t  — m g  — D r a g
d y
d t
T — m g  — - ~ p v 2 S C D
(169)
(170 )
d v  =
T - m g -  -  pv SC D
d t
(171 )
where dv is the amount of velocity by which the probe has been slowed in a time dt. 
The velocity of the probe at any moment during the descent can be expressed as
v = v* fm (  T  - m ( t ) g — 0 .5  p v 2 S C  Dc[ m ( t ) d t (172 )
where Vjnj is the phase initial velocity i.e. the parachute terminal velocity, and m(t) the mass of the 
probe at time t and defined as
m ( t )  -  m ini - m prop ( t )
(173)
The initial mass mjut represents the mass of the probe at the beginning of the powered phase. The 
mass of propellant is found from the mass flow rate of the propellant derived as
d ’11 prop T h r u s t  
Cp s  od t (174)
hence the mass of propellant used for a given dt is
Leading to the total mass of propellant
T h r u s t
CpSo
d t
(175)
1 prop d t
(176)
But it may be necessary to consider different thrust patterns during the terminal descent. As 
discussed further down, the Viking mission used 3 thrust levels from 3 throttleable engines as
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shown in the following Figure 120. The thrust to weight ratio TW for the probe, defined as
TTW = —  varies usually for the different phases as shown Table 30 and Figure 119.
mg
T able 30 - T erm inal D escent Phases and Properties
Phase TW Velocity Notes
1 <1 Accelerate Warm up and parachute separation
2 » 1 Decelerate
3 =1 Constant Initiated at 12-15 m above ground
INITIAL PHASE
■ Thru st-to-w eight ratio < 1
• Bigine warm-up
■ Propellant settling
• Gain distance from parachute 
■Tip-up manoeuvre
GRAVITY-TURN CON TOUR \
■ Parabolic velocity /altitude profile
• Reasonablysub-optimal fuel usage \■ Flight proven (Viking. Surveyor + MPL)
• Easily mechanised V
• Guarantees vertical landing
■-----------0 -------------------------------------
CONSTANT VELOCITY DESCENT
• Trajectory smoothing fin a l Hare")
• Low thrust level
• Favourable vibration environment 
■ Reduces dust /cratering risk
Figure 1 1 9 -T e r m in a l D escent -  V iking G ravity Turn Sequence
Figure 120 -  T erm inal D escent -  V iking V elocity and T hrust P rofiles!M orrisey 1989|
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The total mass of propellant through the 3 phases is therefore
in -
(177 )
where T[, T2, T3 are the total thrust level for each phase defined between (to,ti), (t|,t2) and (t2)t3). If
The mass of the tank system can be found by using the method discussed for the inflatable 
structure tank sizing. Both Viking and MPL used a tank pressure of 480 and 460 psia respectively 
(MPL value derived from engine requirements [Schmidt, Brewster et al. 1999] ). From the thrust 
required, the number of engines and their mass are derived. Finally, having computed the mass of 
propellant required, the overall system mass is quickly derived.
To simulate the terminal landing of powered lander, a Matlab/Simulinlc model was developed 
based on the 6 DOF model discussed in 3.2.1.2[Allouis 2005; Allouis, Lappas et al. 2006]. The 
attitude control for the terminal descent and landing was built using a method similar to the one 
used successfully on Viking [R.N.Ingoldby 1978] to the exception that the simulation include 
both throttled and pulsed thrust. The main steering laws implemented for the terminal descent are 
based on the gravity turn steering equations, and are used to place the thrust vector opposite the 
total relative velocity vector to achieve a gravity turn trajectory [R.N.Ingoldby 1978; Mclnnes 
1996; Mclnnes 2001].
This method has the advantage of being implemented easily onboard by using the reaction control 
system to null the body rates about the velocity vector and has been proven to be quite efficient at 
providing minimum-fuel descents. Recalling the expression of V as [u,v,w], the Viking steering 
commands in pitch and yaw for the gravity turn are [R.N.Ingoldby 1978]:
where Ga and Gp are steering gains. By driving the lateral velocities to zero, the longitudinal axis 
of the lander is aligned with the relative velocity vector. This converges to a vertical descent as 
the lander approached touchdown on the Mars surface [N.A.Holmberg, R.P.Faust et al. 1980]. For 
the purpose of the study, the same controlling scheme was used keep the attitude of powered 
landers within ±2 degrees attitude error in pitch and yaw for touchdown. A
the accelerations during the various phases of the descent are known (-0.6, 2.5 and 0 m/s2 
respectively for Viking), the thrust levels can be derived from the acceleration expression and 
solving for T such that
T  — ma + mg — D rag
(178 )
(179)
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Proportional/Derivative (PD) control was used to provide the steering commands, expressed 
under the form:
u =  - K pe - K D —
at (180)
where e is the angular error, KP and KD the proportional and derivative gains respectively. The 
two control loops controlling the pitch and yaw are built in the same manner.
Angle ----
required
— ---------  ------  _ [ Angular  ,External . j  Current e°or ,
disturbances ' A j  angle \  !  ►. 2, ' ►> Lander Dynamics |----------- ► 2, * h PD Control
V  :________! v  |
Generated f' " j Torque 1
Ton«ue i Thruster Actuation I _ C“ nd J
| PWM Control P
Figure 121 - C lose-loop PD control o f  the lander
Figure 121 shows the actual implementation of the system. External disturbances are fed into the 
lander dynamics described in the previous sections. The resulting attitude angle, is compared to 
the required attitude angle, and produces an error signal that is fed into the PD controller. The PD 
controller in turn generates a reference torque command, which need to be tracked by the thrusters 
actuation system, via Pulse Width Modulation (PWM). The generated torque is then fed back into 
the lander dynamics with new disturbances to formulate a closed loop control system.
For space applications, pulse modulation represents the common control logic behind most 
reaction-jet control systems of spacecraft [M.Sidi 1997; B.Wie 1998], whereas propulsion stages 
for powered descent and landing have used both throttled and -  although not field-proven yet - 
pulse modulated thrust [JPL 2000]. Throttleable proportional thrusters, used successfully in the 
Viking and Russian missions [Euler, Adams et al. 1978; N.A.Holmberg, R.P.Faust et al. 1980], 
use fuel valves that open proportionally to the commanded thrust level. Pulse-modulated thrust 
however, consists of only two states: on and off. PWM control loops are based on the Schmidt 
trigger concept and implemented as a discrete-time system. Figure 122 shows the operation of the 
block referred to as Thruster Actuation PWM control in Figure 121 above. More details of pulse 
modulation techniques as applied to spacecraft attitude control systems design can be found in 
[Anthony, Wie et al. 1989; M.Sidi 1997; B.Wie 1998; B.Wie, Murphy et al. 2004], For the 
simulations produced in the scope of the study, a bandwidth (pulse frequency) of 10 Hz will be 
used since the propulsion system of Mars Polar Lander has been designed and tested to work at 
this frequency [JPL 2000]. However autonomous and robust GNC landing using LIDAR or 
optical sensors could possibly require a different control bandwidth pending on the precision
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landing requirements. From the study requirements this 10 Hz pulse frequency has been found to 
be sufficient.
PWM Modulator
Pulse _
Width Despatch command to Thus( Transform Thfus, Torques 
. appropnate thrusters .  Generated
*  and Generate Thruster *  '
Firing State Appl.ed Torques
Figure 122 - PW M  and thruster actuation
While the implementation of the PWM control for powered descent can be relatively 
straightforward, it has to be noted that the hardware design of the propulsion system may not. 
Thrusting in pulsed mode involve the opening and closure of the fuel valves at relatively high 
speed leading to water hammer effects in the fuel lines. The design of the system has to take into 
consideration the problems associated with these effects and limit the effects of these sudden 
high-pressure peaks in the system (up to 6800kpa from MPL test campaigns [Schmidt, Brewster 
et al. 1999]), but this aspect is currently out of the scope of this study.
The thrusting force applied on the craft is for the greater part generated by the main deceleration 
thrust that control the speed of the craft during terminal descent. But one has also to account for 
the contribution of the attitude control system (ACS) that fires punctually to control the attitude of 
the craft. The main deceleration thrust is generated by the thrusters placed on the base of the 
lander and is expressed in body axes. The thrust generated by the ACS is also expressed in the 
same reference frame. The design of the thrusting stage is assumed to rely on 3 (Viking) or 4 
(MPL, MSR) clusters of thrusters [T1,T2,T3,T4]. In a move to provide a generic model, the 
configuration does not account for a specific number of thrusters per cluster. The total force 
required per cluster will be found and subsequently divided by the number of thrusters to derive 
the required specific thrust per thruster.
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4 Thrusters configuration:
Thruster contributions in body axes: M om ents Contributions in B ody axes:
— s i n  <5(7] +  7 ; +  7) +  7^ X 0 X
T = c o s  S (-T 2 +T4) y M  = (7j -  7 ) ) ( d  s i n  S  -  h c o s  S ) y
c o s d > ( - 7 ]  + r 3) Z (~T2 +  Tx )(d  s in  S  — h c o s  S) Z
3 Thrusters configuration
Thruster contributions in body axes: M om ents Contributions in B ody axes:
T =
-sind>(7] +T2 +  T )  
c o s 8 c o s A ( - f  + 7\) 
cos 8  sin 2 (-T 2 +7)) 1 
1 
1 
1
M  =
(7) -7"2)(/cosA sin A 
sincX/[7j —sin A(7", -7 ) ) ]  +  /?sin A(F  + T Q - T f l c o s S  
d  sin 8  cos A(—T2 + T )  + h cos A(T2 —T3)
X
y
z
Powered landing represent to date the softest landing system available to deploy a payload on the 
surface of a planet. This section has investigated propulsion systems from a mechanical and 
control point of view by investigating the main sizing models to derive the mass of such systems. 
In addition, specific control aspects of this phase have been discussed through the description of 
the implementation of the 6DoF powered landing model in Matlab/Simulink. New concepts such 
as the sky-crane described in the background discussion may provide even softer landing loads by
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reeling the payload down on the surface from a hovering altitude. Despite being fairly 
unconventional, such systems can be sized as well with the methods described above by assuming 
a null final velocity at the end of the second thrusting phase and a strict TW ratio of 1 for the 
terminal phase to ensure proper hovering at a prescribed altitude.
With the landing phase, the EDL sequence is complete. A number of models and assumptions 
constituting the overall computational framework have been laid out, from the dynamics, the 
characterisation of the landing site, to the sizing of every major sub-system of the EDLS. Most of 
these models have been implemented in the computational tool SPADES and its Matlab/Simulink 
complement dealing with controlled powered landing and discussed in the next section.
3.3 Fram ework Im plem entation
While the previous sections detailed the models implemented in the framework, we will be 
discussing here briefly the implementation of these models and the development of the integrated 
tool SPADES. From the setup of a project, to the post processing of the data, a number of tools 
are available to encapsulate the knowledge of EDLS sizing and enhance the capabilities of the 
user through rapid and graphic setup of a scenario, comprehensive simulation parameters, 
powerful analysis of the data, while providing situational awareness of the mission in its 
environment.
The SPADES tool is defined as a Multi-Document Interface (MDI) allowing the display of 
heterogeneous data from tables, graphs to visualisation windows and tools as shown Figure 123. It 
has been built so that it will feel familiar to the system engineer using programs such as Matlab or 
AGI/STK. The set up of a project relies on a number of “objects” defining the various systems 
and environment of a “scenario”. Planetary environment, heatshield, parachute, landing systems 
are all “Design objects” in a typical scenario. In addition, “computational or simulation objects” 
can be used to add run-time capabilities to the scenario such as EDLS events, Trade-off study or 
Monte-Carlo simulations. Finally “Data objects” representing the simulation outputs that can be 
loaded for analysis in the Same of the current scenario. The following Figure 124 shows both the 
Object and Trade-Off browsers summarising a mission scenario, usually placed at the left of the 
main window.
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i I ■M— — >B^Tspade
B  ^  MjWission-1
? Mars 
Probe
M PaV*o^
B  J  Heatshield
Diameter 2.65 
B  Back.shell
Confg 10 ^  Events
1 Drogue parachute deployment
2 Heatshield separation
3 Main parachute deployment
4 Time-Step setup
5 Custom Event 
B  £  Monte-Carlo
Fbght Path Ini Gaussian 
Probe mass Gaussian 
Velocity In  Gaussian 
Latitude In i. Gaussian 
Longitude Ini Gaussian 
Heading Im Gaussian 
Ca Unfoim 
Cn Unifotm 
Probe mass Gaussian 
Atmos Temp Gaussian 
Atmos Dens Gaussian
-  ^  M yM lsslon-1
Flight Path A ngie
^  Ballistic C oefficient
^  Atm os T em p
Figure 123 -  SPA D E S - M ulti-docum ent U ser Interface Figure 1 2 4 - SPA D E S - 
O bject and T rade-off 
Browsers
Design objects are created by accessing the built-in design tools as shown below for the aeroshell 
and parachute systems.
*5C V
1
wi;
JSSiSOKS—
i'W»
f *»wi
:.-+v»oviu| ••
A •  X .
Figure 125 -  SPA D E S -  Payload and A eroshell Figure 126 -  SPA D E S -  Parachute
Design Database
In addition, a flexible material database allows adding, saving and deleting materials for the TPS,
parachute and the impact attenuator (Figure 127). The event manager deals with the events during 
the descent. Either predetermined or customised, the data attached to a particular event can 
originate from the scenario, or modified for specific events for which the built-in tools could not 
provide data (Figure 128).
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Th*m*l Protection System | Decelerator | Impact Limrlers | 
Thermal Protection System Material Database
Name D*n*y IhennalCond tnwwiy 1 Spec. HwfjSpec AWebon He* 1
N * 3 ! . m sfL  lff*sL
SLA561V 2&4e2 592*2 07 1 15e3 541«7l
SLA-561S 290 3 5763*2 07 1.110*3 237e7
AvCCJt cC-.?b 5286 2423*1 0667 1 61?e3 2 382*7
Acurtl 490 112*1 0 945 1 286e3 nan
AcjsJIt 260 52*2 092 922e2 nan
Material Parameter
Name j TheimN Conduction
Deroiy j kg/m3 Specie Heal
EirujMty [  Specfic Ablation Rate
m i.
Everts
Jlime-Steo setup 
Tnggei 
(Alijde
” 3  AddEvert | Removeseleded j
Stepsze {05
17 jEdl Advanced Sellinyi 
(7  Track separated hwlsWd
Figure 128 -  SPA D E S -  Event M anager,
Figure 127 -  SPA D E S -  M aterial Database
A dvanced Settings
Once a scenario has been run, a number of tools built into the Viz module facilitate the analysis of 
the range of data generated during the simulation. Tables of data, simple graphs, trade-off graphs, 
Monte-Carlo plots, can be generated on the fly with additional information such as map overlay in 
the case of landing dispersions or auto-labelling as shown Figure 129. The graphs produced can 
be saved to picture files for future use.
Figure 129- SP A D E S -  P ost-P rocessing G raphing C apabilities
To provide situational awareness in the context of mission design, topographic, photographic and 
simulation data are fused into a single visualisation window to provide a 3D renderings of the 
landing site with the simulation outputs: trajectory, trade-off or Monte-Carlo. The SPADES/Viz 
module deals with the representation of 3d terrain (based on MOLA topographic data) and globe 
to facilitate and enhance the analysis of the simulation data.
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Figure 130 -  SPA D E S/V iz -  T rad e-O ff T rajectory Figure 131 -  SP A D E S/V iz -  T rade-O ff
Data on 3D T errain trajectory Data on 3D G lobe
This capability could potentially be used to simulate the operation of instruments during the EDL 
sequence such as LIDAR, Radar or optical sensors. Finally, as a mission tool, it allows to “see” 
what the lander is seeing as shown in Figure 132, can spot nearby landmark to help with the EDL 
reconstruction, and can be enhanced by new data as demonstrated by the addition of Mars Express 
HRSC data on Olympus Mons in Figure 133.
Figure 132 -  SP A D E S/V iz -  V iew  from  the centre o f  G usev C rater tow ards the Rim  in the 
background from  M ER m ast height.
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Figure 133 -  SPA D E S/V iz -  O verlay o f  M ars Express HRSC im agery on O lym pus M ons. T he vertical 
grid is spaced by a degree, the horizontal grid by 1000 m.
At the landing site, in addition to the Viz module outputs, GIS maps can be computed to 
characterise the landing site in term of elevation, slope or hazards, and plan for typical mission 
operations such as rover egress.
Figure 134 -  SPAD E/G 1S -  Landing Site E leveation (left) and H azard/A ccess M ap (right)
Finally, the Export module converts the data produced to a number of datafile, graphics and CAD 
formats. The Excel reporting function (Figure 135) exports the simulated data to a multi-sheet MS
.asixj
Get Ten an Compute Slope 
Set max dcpe |deg) JlO 
Elevation above *eo»d [ml
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Excel spreadsheet to constitute a scenario report (shown Figure 135), with initial and 
environmental conditions, relevant geometries as well as the simulated data. In addition, the data 
is exported to CSV files with a documented format to facilitate the processing of the data by other 
tools.
Figure 135 -  SP A D E S/E xport -  Excel R eporting capabilities
The Export module also exports the aeroshell geometry to a SolidWorks CAD file for future detail 
design or CFD studies as illustrated by Figure 136.
Figure 136 -  SP A D E S/E xport -  SolidW orks Export C apabilities
For the main part of this chapter, the development of the computational framework SPADES has 
been described from models and assumptions to implementation. It is now necessary to validate 
the various models used in the framework against experimental data before being able to 
investigate new mission concepts.
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3.4 Framework Validation
The calibration and validation of the models is an important step to develop confidence in the 
framework results. The data available to calibrate whole missions to Mars is scarce, but it is 
nevertheless possible to identify a number of past missions and studies that provide sufficient 
experimental and analytical data to validate specific aspects of these models as shown in the 
following Table 31.
T able 31 - Fram ew ork Validation M atrix
' .^ Data Sources
Model M
PF
M
ER eson
Q
Be
ag
le
2
V
ik
in
g
M
isc Notes
Dynamics X X X No atmospheric Data for DS2
Aerodynamics X X X
Powered-landing Dyn. X
Aeroshell and TPS X X X X
Parachute System X X X
Inflatable System X Correlated to studies data
Landing System X X X X
Landing Site Accuracy X X X No atmospheric Data for DS2
A number of these points have already been covered in the previous sections. Here we will be 
concentrating on a number of specific missions such as the Mars Pathfinder, Viking, Deep Space 
probes and Mars Exploration Rovers to illustrate the validation efforts. The procedure to validate 
the framework relied on the creation of scenarios with parameters matching as closely as possible 
the mission conditions such as geometry, masses and initial conditions. In addition, and where 
possible the reconstructed atmosphere profile of the mission was used. If the atmospheric 
conditions were unavailable, a profile extracted from the European Mars Climate Database V4.0 
was used at the time and place of the landing. The simulation was then run and a typical EDLS 
sizing exercise was performed from the outputs of the simulation relying solely on the sizing 
models without mission inputs.
3.4.1 The Mars Pathfinder Mission
The published Mars Pathfinder data from Spencer [Spencer. Blanchard et al. 1999] and the NASA 
planetary Data System (PDS) [NASA 2005] was correlated to a similar simulated scenario with 
the inputs from Table 32. With the wealth of information published on MPF, it is possible to 
validate a number of systems from dynamics to parachute and landing loads, leading to the 
following results presented in the following figures and table[Allouis, Ellery et al. 2003a; Allouis, 
Ellery et al. 2003b].
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T able 32 -  M PF Inputs
Units MPF
Mass [kg] 585.3
Heatshield half angle [deg] 70
Heatshield diameter [m] 2.65
Heatshield nose radius [m] 0.6625
Heatshield Material SLA561V
Initial Velocity [m/s] 7479
Initial Flight Path Angle [deg] -14.06
Initial Radius [m] 3522200
Entry Latitude N [deg] 22.9803
Entry Longitude E [deg] 338.9036
Entry Heading [deg] 253.0955
Atmosphere MPF Reconstructed
Figure 137 -  M PF C orrelation  -  A ltitude  
Profile
Flight Path Angle Profile
Figure 138 -  M PF C orrelation  -  Velocity  
Profile
Acceleration Profile
Time [s]
Figure 139 -  M PF C orrelation  -  Flight- 
Path A ngle Profile
Figure 140 -  M PF C orrelation  
A cceleration Profile
From the figures above, the correlation of the dynamics appears very good: all the simulated 
profiles follow closely the reconstructed mission profiles. The acceleration profile Figure 140 
shows well the main peak of deceleration during the entry and the second peak due to the release 
of the parachute. Although the simulated acceleration profile shows a parachute deceleration 
offset from the experimental data, this can be traced to the trigger used for the release of the
 MPF - Spencer et el
- - MPF -SPADEs
_  6000 
i
4000
|
>  3000
Time [s]
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parachute which does not operate with the same algorithm as MPF. The main outputs from the 
correlation are summarised in the following Table 33 as well as the relative error with the 
experimental data.
T able 33 -  M PF C orrelation  Results
MPF SPADES % eiror
Max g [g] 15.9 16 0.625
Max heat rate [J/nr] 99-118 114 15.15-3.38
Max heat Load [W/nr] 3900 4390 12.56
TPS thickness [mm] 19.05 19.5 2.36
Para Diameter [m] 12.74 13.17 3.4
Para. Deployment [g] 6.5 6 8.33
Para. Deployment Load [N] 35158 31281 11.03
Para. Terminal velocity [m/s] 63 62.12 1.32
Landing g loading 19 20.36 7.15
A few comments can be made for the parachute sizing. The MPF parachute was initially designed 
to achieve a 53 m/s velocity prior RAD firing, assuming a Cd of 0.55 dating from Viking. With 
respect to this value, the sizing is correct. In reality, the Cd of the DGB parachute was 
reconstructed to 0.4 [Desai, N. et al. 2003] leading to a final velocity close to 63 m/s [Spencer, 
Blanchard et al. 1999], By implementing this new Cd, the final velocity is simulated at 62.12 m/s, 
representing only 1.32 % error against mission data. No data is presented here for aeroshell mass 
estimation since MPF was part of the baseline for the sizing models. But regarding the thermal 
sizing, it is worth noting that the value for the peak heating varies in the literature from 99 W/cm2 
[Spencer, Blanchard et al. 1999] to 118W/cnr [Milos, Chen et al. 1999], Milos value being the 
result of a study on the aerothennal response of the heatshield. The simulated results tend to agree 
with Milos study, leading to a good correlation of the TPS size including the 20% design margin 
[Milos, Chen et al. 1999].
To determine the landing accuracy a Monte-Carlo study has been ran with 2000 cases using the 
Monte-Carlo variables found in pre-MPF studies such as in Spencer and Braun [Spencer, A. et al. 
1996]. The 3Sigma ellipse has then been plotted onto the Viking image “MI20N032” as well as 
the Mars Pathfinder ellipse [JPL 1997] as illustrated by Figure 141 [Allouis, Elie et al. 2005].The 
mission and simulated ellipses shows the same inclination and overall geometry. The simulated 
ellipse presents an offset of about 0.5 deg in longitude and 0.2 deg in latitude, but it is worth 
noting that the reconstructed landing site is well contained within the simulated ellipse.
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F ig u re  141 -  M P F  C o r r e la tio n  -  E llip se s  an d  N o m in a l L a n d in g  S ite s (L S ) : M P F  M issio n  E llip se  and  
n o m in a l L S (b lu e / le ft, m a rk er  1), S im u la ted  e llip se  an d  n o m in a l LS (y e llo w /r ig h t , m a rk er  2), M P F  
la n d in g  site  (red , m a r k e r  3 ) [A llo u is , E lie  e t al. 2005]
A ll  in  a ll, the M a rs Pathfin der m issio n  correlates w e ll w ith in  12 to 15 %  o f  the sim ulated results 
depending on the accu ra cy  o f  the data in  the literature b u ild in g  co n fid en ce in  the m odels used in 
the sim ulatio n.
3.4.2 The Viking Mars Mission
Fu rth er to the M P F  m issio n , the V ik in g  M is s io n  data is used to valid ate a num ber o f  additional 
m o d e llin g  aspects: 6 D o F  d yn am ics, p ro p u lsio n  system  siz in g , and attitude con trol d u rin g  ten ninal 
descent. T h e  fo llo w in g  v a lid a tio n  co m p ile d  b y  the author [A llo u is  2 005] w as perform ed in the 
fram e o f  an E S A  contract as d escrib ed  b y B a k e r [B a k e r 2004] to investigate pow ered lan d ing  at 
M a rs fo r the A u ro ra  program m e and the future M a rs  Sam ple R eturn M iss io n .
T a b le  3 4  -  V ik in g  C o r r e la tio n  - In itia l C o n d itio n s
Units Value
Initial conditions
Initial Velocity [m/s] 54 m/s
Initial Altitude [m] 1490 m
Initial Flight Path Angle [deg] -84 deg
Descent
Parachute separation [m] 1450 m
Parachute diameter [m] 16.15 m
Control loops initiation M 1450 m
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Start Thrusting 10% [s] T = 0 sec
Start Thrusting 51% [s] T = 12.3 sec
Start Thrusting 25% [m] Altitude = 19 m
Touchdown velocity [m/s] 2.44 m
Altitude touchdown [0] 0m
Lander
Mass ini [kg] 680 kg
Diameter [m] 2.5 m
Cd 1.425
M a trix  o f  In e rtia :
422 -0 .3  -5 .4
-0 .3  168 -7 .5
-5 .4  -7 .5  319
c” . a -* \ ; - i  • i j  F ig u re  143 -  V ik in g  C o rre la tio n  -  V elocity
F ig u re  1 4 2 -  V ik in g  C o rre la tio n  - A ltitu d e  P rofile
P rofile
C o m p a rin g  the altitude p ro file  from  [N A S A  1976] and v e lo city  p ro file  from  [M o rrise y  1989] to 
sim ulated data show s good correlatio n. A  sm all d iscre p an cy  at the end o f  the v e lo city  p ro file  
show s a notable d ifferen ce between the sim u la tio n  and the m issio n  data: the sim u la tio n  ensures 
that the constant v e lo city  phase is  enforced, w h ich  is not the case for the m issio n  data. D espite 
these d iscrepan cies, the data correlates w e ll w ith  both sources and reaches the same term inal 
ve lo citie s  at the same time.
O ne o f  the m ain factors to valid a te  the p ro p u lsiv e  lan d ing m odel is  the am ount o f  thrust required 
to land a sp e c ific  spacecraft and the m ass o f  propellant used. W h ile  the appearance o f  the 
sim ulated F ig u re  144 is s im ila r  to F ig u re  146, m ost o f  the data a va ila b le  on the V ik in g  landing 
unfortunately o n ly  refers to the T H R O T T L E  le v e ls  - and not the T H R U S T  le v e ls  and w here 
co n versio n s have been perform ed in the literature, they do not appear to be consistent.
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Morrisey Thrust Levels 
Morrisey TVC ru le : Thrust ini 80 b f 
H olrberq Thrust Rebtion 
Simubted data
T hrottle  Levels [%]
T h ru s t Vs T hro ttle  Levels [N]
F igu re 1 4 4 -  V ik in g  C o rre la tio n  -S im u la te d  
T h r u st  lev e ls  p er  en g in e
F igu re 1 4 5 -  V ik in g  C o r r e la tio n  - T h ru st level 
T h r o ttlin g  d e ta il
F ig u re  146 -  V ik in g  T e r m in a l D escen t T h r u s t  
L evels fo r  V L 2 |ln g o ld b y  an d  R .N . 1978]
F ig u re  147 -  V ik in g  C o rre la tio n  -  T h u st  
levels
T o  valid ate the thrust le ve ls, a num ber o f  thottle/thrust cu rve s have been b u ilt from  the data 
a v a ila b le  from  the literature, show n F ig u re  14 7 and sum m arised  in T a b le  35:
■ T h e  M o rris e y  V ik in g  thrust le vels: 6 6 7 N  (150 1b f) for 10% , 1468 N  (330 1b f) fo r 5 1 % , 
7 7 4 8  N  (1 7 5 1 b f) fo r 2 5 % [M o rris e y  1989].
■ A  throttle/thrust cu rve  w ith  M o rris e y  T h ru st L in e a rity  co e ffic ie n t o f  19.12 N  
(4 .3 1 b f)/% T V C  and an in itia l thrust o f  3 5 6  N  (801bf) at T V C  0 %  (T h ro ttle  V a lv e  
C o m m an d  V o ltag e  change) as suggested b y Schm idt [S chm idt, B rew ste r et al. 1999],
■ H o lm b erg  T hrust-throttle cu rv e  from  the data av a ilab le  [H o lm b erg, N .A . et al. 1980]
■ T h e  cu rve  resu ltin g  from  the sim u la tio n  assu m in g  that the thrust is  at 10 %  at startup, 5 1 %  
at descent, and 2 5 %  at lan d in g  as suggested in  m ost o f  the literature.
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T ab le  35 - V ik in g  C o rrelatio n  - T h ru st levels correlatio n
T hrottle
V alue
S im ulation M orrisey
Error
M orrisey
TV C
law
Error
TV C
H olm berg Error
H olm berg
[N] [N] % [N] % [N] %
10 657 667 1.50 547 -20.11 637 -3.14
25 846 778 -8.74 834 -1.44 983 13.94
51 1377 1467 6.13 1331 -3.46 1583 13.01
F ro m  the sim ulated  outputs, one ca n  note that the thrust le ve ls  are w ith in  reasonable m argins o f  
less than 10%  i f  M o rris e y  is  assum ed to p ro v id e  the best account o f  the thrust le v e ls, but this m ay 
go u p  to 2 0 %  in  the first  phase i f  the T V C  la w  is fo llo w ed . T h e  v e lo c ity  p ro file s  w ere quite 
consistent w ith  the data fro m  the literature, and the p ro pellant m ass is  d erive d  at 6 8 .16  k g  
com pared to reference va lu e s betw een 6 8 .6 7 -7 0  k g  le ad in g  to an e rror o f  w ith in  1%  o f  the quoted 
m iss io n  data.
T h rou ghou t this study, the outputs o f  the sim u lated  term inal descent o f  the V ik in g  lan d er are 
consistent w ith  real m iss io n  data. It  therefore valid ates in  this case the 6 D o F  d yn am ics, the 
p ro p u lsio n  system  s iz in g  and p ro p e llan t m ass m od el that have a ll been found  to be su itable  to 
investigate p ro p u ls iv e  descent at M a rs.
3.4.3 The Deep Space 2 Probes
D u e  to the fa ilu re  the D eep Space2 probes, v e ry  little  has been p u b lish e d  on the details o f  the E D I  
(E n try , D escen t and Im pact). It  is  h o w e v e r p o ssib le  to p ie ce  together the resu lts o f  the p re lim in a ry  
studies to help b u ild  a better p ictu re  o f  the ca p a b ilitie s o f  the fram e w o rk, but at the sam e tim e it 
w il l  be n ecessary  to concede that not a ll the req u ire d  info rm ation m ay  be ava ilab le . F irs t  and 
forem ost, the atm ospheric p ro file s  o f  the D S 2  m iss io n  or the p re lim in a ry  studies w ere not 
a va ila b le  fo r the reconstruction. Instead, the E M C D  V 4  w as used to p ro vid e  the necessary 
atm ospheric param eters at the date and tim e o f  the lan d in g  fo r a num ber o f  atm ospheric scen arios: 
average M a rtia n  year, H o t and C o ld . T h e  inputs to the scenario w ere as fo llo w  (T a b le  36 ):
T ab le  36 - DS2 C o rre la tio n  -  In itia l C onditions
Param eters U nits DS2
Initial C onditions
local A lt Ini [km] 141.8
Rad Ini [km] 3522.2
V el Ini [m/s] 6909
fpa ini [deg] -13.25
Lat Ini [deg] unknow n
L ong Ini [deg] unknown
H eading ini [deg] unknow n
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Probe
Probe D iam eter [m] 0.35
N ose R adius [m] 0.0875
M ass_______________[Kg] 3.4
In  ad d ition, the entry lo catio n  and h ead ing  w ere not kno w n. F o r the p urp o se  o f  the stud y and 
s iz in g  e xe rcise, an arb itrary  head ing o f  1 3 0  deg w as chosen. A c c e ss  to som e o f  the M a rs  P o la r 
L a n d e r lan d in g  e llip ses, later suggested that the heading o f  the craft w as c lo se r to 170. T h e  in itia l 
latitude and longitude w ere d erive d  to reach the projected  lan d ing site. T h e  outputs give:
T ab le  3 7  - DS2 C o rre la tio n  - Sim ulation O utputs
DS2 Sim ulation E rror %
A tm osphere M odel Zurek* EM C D  4 -
A ce m ax [g] 12.4 11.38 8.22
H eat rate Max [W /cm 2] 175 175.65 -0.37
DynPress M ax [N/m 2] 4200 4261 -1.45
Im pact Speed [m /s] 191.2 217.9 -14.00
T im e Im pact [s] 275 278 -1.09
A lt Im pact above A reoid [m] 2000 2000 0
H eat Load @ Im pact [J/cm 2] 8085 8660 -7.11
Alt A ce M ax [km] 44 31.7 27.95
T im e H eat rate  Max [s] 74 97 -31.08
Alt H eat rate  m ax [km] 51 38.432 24.64
T im e D ynpress M ax [s] 89 113 -26.96
*Atmospheric model by JPL/Zurek as discussed in [Braun, Micheltree et al. 1999]
B etw een a ll the atm ospheric m od els used, the C o ld  scen ario  appears to p ro v id e  the best results as 
sh o w n  in  the up per part o f  T a b le  3 7  as they appear in it ia lly  to be consistent w ith  the outputs o f  the 
stud y and p rod uce o n ly  a sm a ll error. B u t this statement m ust be b alance d  w ith  the data at the 
bottom  o f  the table. A lth o u g h  the m ain  E D L  events and characteristics (accele ratio n , p e ak  loads 
or speed) appear to m atch the stu d y data, they o cc u r system atically  at lo w e r altitude and 
con seq u en tly  later in  the tim eline, le ad in g  to an im pact v e lo c ity  o f  2 1 7  m /s, in co m p a tib le  w ith  the 
m iss io n  2 10 m /s upper b o u n d a iy  m argin. T h is  em phasises the im portance o f  the atm osphere and 
its m od elling .
W ith o u t the in itia l m odel used  for the study, it is  not p o ssib le  to correlate the results o f  the 
fra m e w o rk  w ith  the D S 2  m iss io n  to the sam e degree o f  co n fid en ce  p ro v id e d  b y  the p re vio u s 
m issio n s. N evertheless, b y  u sin g  a C o ld  atm osphere scenario from  the E M C D  V 4 , the E D L  
ch aracte ristics are consistent, alb eit offset, w ith  the study outputs. T h is  w o u ld  suggest that the 
D S 2  atm ospheric m od el is  s lig h tly  denser at h ig h  altitude but not as m u ch  as an average M a rtia n  
year.
152
Chapter 3.Development o f  an Integrated Computational Framework
3.4.4 The Mars Exploration Rover Missions
T h e  M a rs  E x p lo ra tio n  R o v e r M is s io n s  ( M E R )  have been the first su cce ssfu l landers sin ce  the 
M P F  m issio n . T h e y  reached M a rs  in  e a rly  2 0 0 4  am id  fears about aty p ical atm ospheric co n d itio ns 
due to a dust storm  fe w  w e eks b efore the lan d ing. T h e  data from  the m iss io n  is  cu rre n tly  s lo w ly  
b ein g  released and w il l  p ro v id e  som e a d d itio n a l data to correlate the E D L  m odels. T h e  two m ain 
sources o f  data are the papers fro m  D e sa i [D e sa i and K n o c k e  2 004 ] and W itk o w s k i [W itk o w sk i, 
A . et al. 2 005a] that p ro v id e  both p re -flig h t results and reconstructed data o f  the E D L  sequence 
and the parachute system . In  ad d ition, data has been acquired  from  P a u l W ith e rs  w ho has been 
w o rk in g  on -  as o f  n o w  -  an u n o ffic ia l reco nstru ction o f  the atm osphere fro m  the accelerom etry 
data to be p u b lish e d  shortly. B o th  S p irit  and O p p o rtu n ity  are good candidates fo r this correlatio n, 
but as M E R 2 /O p p o rtu n ity  targeted h ig h e r ground s w ith  a som ew hat th inn er atm osphere than 
expected, it w il l  be an alysed  here. T h e  fo llo w in g  T a b le  3 8  sum m arizes the m a in  in itia l con d itio ns 
fo r the m issio n .
T ab le  38 -  M E R -1  “ O p p o rtun ity”  In p uts
Units Value
Initial conditions
Initial Velocity [m/s] 5700
Initial Radius [m] 3522200
Inertial Flight Path Angle [deg] -11.5
Entry Latitude N [deg] -2.87
Entry Longitude E [deg] 341.33
Entry Heading [deg] 87.6
Atmosphere Withers
Descent
Parachute diameter [ml 15.09
Para. Deploy. Dyn. Pressure Target [N/nr] 750
Heatshield sep delay after Para. [s] 20
RAD firing altitude Target [m] 120 m
Lander
Mass [kg] 832.2
Heatshield half angle [deg] 70
Heatshield diameter [m] 2.65
Heatshield nose radius [m] 0.6625
Heatshield Material SLA561V
T h e  fo llo w in g  T a b le  3 9  is  p a rtia lly  extracted fro m  D e s a i and co m p ile s the p re -flig h t 3 and 6 D o F  
studies as w e ll as som e o f  the reconstructed data from  the m issio n . In  ad d itio n  the outputs o f  the 
s im u la tio n  ( in  b lu e ) is  com pared against the p re -flig h t m eans and m iss io n  data to d erive  e rror 
m argins fo r each set o f  data.
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T a b le  3 9  -  M E R  C o rre la tio n  -S im u la t io n  O u tp u ts  (b lu e ) a g a in st  3 and  6 D o F  p re -flig h t stu d ie s and
reco n str u c ted  m issio n  d a ta  (M E R  0 1 /0 4 )
6DoF 3DoF MER Simulated
6DoF 3DoF Mission
Parameter Units Mean 3-6 Range Mean 3-6 Range 01/04 Error % Error % Error %
Hypersonic Flight
Peak Heating Rate [W/cm2] 42.2 39.3-45.2 47.9 44.6b-51.1b 51.86 22.89 8.27
Peak Acceleration [g] 6.4 5.9-7.0 6.4 5.9-7.0 6.3 6.48 1.25 1.25 2.86
Total Heat Load [J/cm2] 2711 2595-2826 3190 3064b-3317b 3569.00 31.65 11.88
Parachute Deployment
Time from Entry [sec] 242.1 234.5-249.7 242.1 235.2-249.0 250.3 242.27 0.07 0.07 -3.21
Height [km] 8.7 6.4-11.0 8.8 6.6-11.0 7.52 8.19 -5.85 -6.92 8.92
Wind-Relative Vel. [m/s] 438 411.8-464.2 425.3 395.4-455.2 434 433.00 -1.14 1.81 -0.23
Mach Number 1.86 1.78-1.94 1.86 1.79-1.94 1.92 3.23 3.23
Dynamic Pressure [N/m2] 747 674.7-819.3 749.1 676.3-821.9 764 748.57 0.21 -0.07 -2.02
Planet-Relative FPA [deg] -26.8 -28.4- -25.1 -26.7 -28.3--25.2 -26.64 -0.60 -0.22
Heatshield Jettison
Time from Entry [sec] 262.2 254.6-269.8 262.1 255.2-269.0 270.3 261.96 -0.09 -0.05 -3.09
Height [km] 6.5 4.2-8.8 6.5 4.3-8.8 6.10 -6.15 -6.15
Wind-Relative Vel. [m/s] 116.9 99.3-134.5 113.1 94.1 c-132.1 103.24 -11.69 -8.72
Planet-Relative FPA [deg] -47.6 -53- -42.2 -47.6 -53.3--42 -47.70 0.21 0.21
Dynamic Pressure [N/m2] 63.5 47.1-80.0 a a 45.38 -28.54
Mach number 0.49 0.42-0.56 0.49 0.42-0.56 0.46 -6.12 -6.12
RAD Initiation
Time from Entry [sec] 343.7 315.9-371.5 344.7 317.1-372.2 336.3 336.14 -2.20 -2.48 -0.05
Time from Para Depl. [sec] 101.5 68.2-134.8 102.5 69.1-136.0 86 93.87 -7.52 -8.42 9.15
Height [m] 123.1 91.3-154.7 118.5 85.4-151.7 127.1 118.24 -3.95 -0.22 -6.97
Wind-Relative Vel. [m/s] 72.7 61.4-84.1 72.7 61.1-84.4 71.1 76.51 5.24 5.24 7.61
Planet-Relative FPA [deg] -86.8 -89.9- -80.9 -86.8 -89.9- -80.7 -88.32 1.75 1.75
Mach number 0.29 0.25-0.33 0.29 0.24-0.33 0.35 20.69 20.69
Bridle C ut
Time from Entry [sec] 347.9 318.6C -377.2C 347.6 320.4-374.8 338.37 -2.74 -2.66
Height [m] 13.1 4.5°-21.7° 13.4 11.4-15.4 6.9 13.30 1.53 -0.75 92.75
Wind-Relative Vel. [m/s] 9.6 0.7° -23.6° 7.1 0.6-18.5 9.3 5.68 -40.83 -20.00 -38.92
Landing
Time from Entry [sec] 348.6 320.3° -376.9° 350.1 322.8-383.3 339.94 -2.48 -2.90
Wind-Relative Vel. [m/s] 13.8 6.9°-23.5° 12.6 5.7-19.5 11.49 -16.74 -8.81
“C om puted in 6D oF only, bD ifferent calculation m ethod used, ‘Results obtained from  24D O F m ulti-body 
POST sim ulation.
T h e  data show n above show s a good co rrela tio n  w ith  p re-flig h t and m issio n  data and are w e ll 
w ith in  the range o f  both the 3 and 6 D O F  data. T h e  average error is  found to be 8.66 and 4.9 5 %  
for the 6 and 3 D O F  re sp e ctiv e ly  w h ile  a c h ie v in g  14.6 %  in  average for the m issio n  data 
ava ilab le . W h ile  sp e cific  data can reach h ig h e r error m arks, these results have to be read in 
co n ju n ctio n  w ith  the 3sigm a range o f  the data i.e despite a s ig n ifica n t e rror m argin  from  the mean 
valu e, the data m ay be s till w ith in  the 3-sigm a range.
T h e  fo llo w in g  F ig u re  148 p ro v id e s the altitude p ro file  for the sim ulated data against the 
reconstructed trajectory b y W ith e rs. F o r com pleteness, 3 and 6 D o F  p re -flig h t data is added to
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p ro vid e  trajectory data after parachute release. O ne can see that the sim ulated data fo llo w s c lo se ly  
the reconstructed m issio n  data
Time [s]
F ig u re  1 4 8 -  M E R  C o r r e la tio n  -  A ltitu d e  P ro files: S im u la ted  (to p ) an d  M ission  (m id d le )
F in a lly , T a b le  40 com pares the m issio n  data against design outputs from  the s iz in g  m odels for 
M E R .
T a b le  4 0  -  M E R  C o rre la tio n  - S iz in g  O u tp u ts
Parameter Units Mission Simulated Error %
TPS Thickness [mm] 15.7 17.57 11.91
Heatshield Mass [kg] 89.6 90.7 1.22
Backshell Mass [kg] 82.9 87.7 5.79
Parachute Diameter Initial [m] 15.09* 15.74 4.30
Parachute Diameter Flight [m] 14.1+ 15.74 11.63
Para. System Mass [kg] 15.6 15.34 -1.66
Min RAD Prop Mass 
required [kg] no data 23.78 -
RAD time firing [s] no data 2.32
Data from [Pioneer-Aerospace 2003], 
Data from [Witkowski, A. et al. 2005a]
T h e  co rrelatio n o f  the M E R  scen ario  w ith  m issio n  and p re-flig h t data is good. A lth o u g h  the 
atm osphere m odel is different from  the p re -flig h t data, the d yn am ics and E D L  param eters are 
consistent w ith  experim ental data and the re su ltin g  s iz in g  o f  the v ario u s subsystem s is  w ith in  12%  
o f  the co n fig u ra tio n  built.
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O v e ra ll the correlatio ns o f  the M a rs  P a thfin der, V ik in g , D eep Space 2 Probes and M E R  have 
sh o w n that the m odels p ro vid e  re lia b le  results fo r the reco nstru ction o f  ty p ica l co n ven tio nal, 
penetrator and p o w e re d  m issio n s. T h e  m od els are sh o w n  to be co n servative  and p ro vid e  results 
w ith  accu ra cy  u s u a lly  und er 10%  fo r the m a in  E D L  param eters used in  the s iz in g  o f  the sub ­
system s. W h e n  atm ospheric m od els issu e s arise, this accu racy  is kept arou nd  1 5 % , but show s a 
general co n servative  trend. F o r  system  d esig n  and p re lim in a ry  w o rk , these w il l  p ro v id e  in  m ost 
instances a w orst-case scen ario  enve lo p e  that w il l  be refin ed  as the d esig n  progresses. A l l  in  a ll, 
the m od els and assum ptions h a ve  been valid a te d  b y  these m issio n s, and have been found fit to 
p e rfo rm  new  studies.
T h is  chapter d iscussed  the developm ent o f  the com putational fra m e w o rk S P A D E S  as w e ll as a 
num ber o f  other tools to p e rfo rm  the a n a ly sis  and the d esig n o f  a num ber o f  system s that co m p rise  
the E D L S . Starting fro m  a d escrip tio n  o f  the E D L  phase from  d ifferen t p e rspectives, the p u ip o se  
and the o v e ra ll architecture o f  the fra m e w o rk  has been presented. T h e n, a ll the m ajo r m odels and 
assum ption h ave been la id  out to sim u late and s ize  a num ber o f  entry, descent and lan d in g  
subsystem s from  heatsh ield  to in fla ta b le  structures, and from  pow ered la n d in g  to penetrator s. In  
ad d ition, w e focu sed  on a num ber o f  issu e s related to the lan d in g  site and the im portance o f  its 
characterisatio n as an integral part o f  the d esig n  process. T h e n, a b rie f  o v e rv ie w  w as g ive n  o f  the 
im plem entation o f  a ll these m odels into the fra m e w o rk  as w e ll as a ll the va rio u s design, 
p ro ce ssin g  and an a ly sis  tools su ch  as graphs, 3 D  topography and export ca p a b ilitie s. F in a lly , the 
fra m e w o rk  has been valid a te d  against past m iss io n s and has been sh o w n to p ro v id e  v e ry  good 
co rrela tio n  o f  E D L  param eters fo r a num ber o f  ty p ica l m issio n s. N o w  it is  p o ssib le  to turn o ur 
attention from  the reco nstru ction o f  k n o w n  data to the e valu atio n  o f  new  concepts, or the 
in ve stig a tio n  o f  m ore fundam ental issu es su ch  as the in flu e n ce  o f  the lan d in g  site lo catio n  and the 
ro le  o f  the atm osphere on the s iz in g  o f  the E D L  System .
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Chapter 4
Entry Descent and Landing Systems - 
Case Studies
T h e  p re vio u s chapters h ave been d iscu ssin g  m o stly  the m ethods and d esigns o f  E D L  system s. A  
ne w  integrated com putational fra m e w o rk has been b u ilt  and its vario u s com ponents valid ated. It  
is  n o w  p o ssib le  to investigate ne w  m issio n s concepts. T h is  chapter w il l  deal w ith  a nu m ber o f  
case studies to propose a n e w  astro b io lo g y -fo cu sse d  M a rs  m iss io n  V an g u ard . Starting w ith  the 
id e n tifica tio n  and characterisatio n o f  a p o ssib le  target, a design fo r this m iss io n  w il l  be proposed 
as w e ll as a num ber o f  E D L S  strategies fro m  parachute based to inflatable. U n derstan dably, future 
larg e  and h e avy  m issio n s w il l  fa v o u r p o w e re d  la n d in g  as the p rim a ry  m eans o f  lan d in g  on the 
planet. H en ce, in  the latter part o f  th is chapter, the s c a la b ility  issu es o f  the p ro p u lsio n  system  w ill  
be investigated fro m  the s m a ll-sca le  dem onstrator to fu ll  size  sam ple return m issio n s.
4.1 Landing Site Selection and Characterisation
T h e  case studies presented b e lo w  a im  at targeting interesting sites to p e rfo rm  so u nd  sc ie n tific  and 
e ngineerin g investig atio n. F ro m  a s c ie n tific  p ersp ective, and e sp e cia lly  fro m  an a stro b io lo g y poin t 
o f  v ie w , lan d in g  sites that m ay ha rb o u r past o r present form s on life  w il l  be con sid e red  h ig h ly  
desirab le. T ra ce s o f  life  h ave been found  on E a rth  in  extrem e environm ents, and b y  analo gy, any 
places w ith  traces o f  w ater, therm al vents and sedim entation beds are a ll potential targets in  the 
search fo r present o r extinct life  form s. F ro m  an e ng ineerin g p o in t o f  v ie w , the lan d in g  site should  
also p ro v id e  favo u rab le  features to help w ith  the lan d in g  su ch as altitude o r atm ospheric 
co n d itio ns. Furtherm ore, a n y  ad d itio n a l operation that m ay contribute to the d esign o f  future 
rob otic and m anned m issio n s su ch  as atm ospheric characterisatio n o r w ater d etectio n/m inin g
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shou ld  be considered. Som e o f  these con sid e ratio n s have been sum m arised  b y the M E P A G , the 
M a rs E x p lo ra tio n  Program  A n a ly s is  G ro u p  in  their latest report [M E P A G  2006].
F o llo w in g  these gu id elin es, a nu m ber o f  site such as the G u se v  C rater w ere con sidered  p rio r to the 
a rr iv a l and operation o f  the M E R s . S in ce  then, new  data from  M a rs O d ysse y  and in  p articu la r its 
G am m a R a y  Spectrom eter (G R S )  p ro v id e d  evid e nce  o f  the abundance o f  underground w ater as 
show n in the fo llo w in g  F ig u re  149.
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F ig u re  1 4 9 -  W a te r  E q u iv a len t H y d ro g en  A b u n d a n c e  M ap
In  addition, an international team o f  geologists stu d ying  im ages returned b y  M a rs E x p re ss 
theorised in  F e b ru a ry  2005 [M u rra y , B. et al. 2 005] the current o r past existen ce o f  a frozen sea on 
E ly s iu m  Planitia. Fro m  the data returned b y the H ig h  R eso lu tio n  Stereo Cam era (H R S C )  
instrum ent in 2005 and recently in  2006  [M u rra y , B . et al. 2006] , a num ber o f  patterns can be 
seen in  the ground near A thabasca V a llis  (5 ° N , 1 5 0 °E ) and appear s im ila r  to pack ice on Earth as 
show n F ig u re  150 and F ig u re  151. T h e se  patterns co ve r a region o f  ap p ro xim ately  800 by 900 km  
and m ay be as deep as 45 m eters, s im ila r  in  size  and depth to the N orth Sea on Earth.
- ;>.. h :
' - 4
X
•  >
F ig u re  150 -  E lysiu m  P la n itia  -  P o ssib le  P ack  Ice F o rm a tio n s as seen  by th e  H R S C  (E S A /D L R /F U
B erlin , G .N eu k u m )
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A nother recent fin d in g  b y M a rs E x p re ss  has increased the interest in this region. T he probe's 
Planetary F o u rie r Spectrom eter instrum ent (P F S ) has detected elevated concentrations o f  m ethane 
in the atm osphere ove r the E ly s iu m  P la nitia  [Y o u n g , K e lly  et al. 2 005], A lth o u g h  these results are 
cu rre n tly  disputed, m ethane on Earth is u su a lly  produced fo llo w in g  a b io lo g ic a l process, but m ay 
also  have a v o lc a n ic  o rig in . W ith  E ly s iu m  M o n s som e 118 0 km  aw ay d is p la y in g  som e sig ns o f  
recent activ ity[N e u k u m , G erh a rd  et al. 2 00 5 ; W e rn e r and C . 2 0 0 5 ], it is s till to date d iffic u lt  to 
rule  out any options as to w hether current life  form s m ay or m ay have existed.
130’ 140” 150’ 160' 170'
9 -6 -3 0  3 6 9 12 15 18 21
F ig u re  151 -  E ly s iu m  P la n it ia , “ F rozen  S e a ” L oca tio n  an d  ex ten d  o f  th e  v iew  in F igu re 150
A  lan d ing site centred on or around 5 °N , 1 5 0 °E  w ill  be baselined here. T h is  site p ro vid e s great 
s c ie n tific  and e ng ineerin g  opportunities fo r surface and subsurface e xp lo ra tio n  as w e ll as good 
lan d in g  site characteristics as su m m arised  in  the fo llo w in g  T a b le  4 1.
T a b le  41 - E ly s iu m  P la n itia  - L a n d in g  S ite  C h a r a c te r is tic s
F ie ld Data R ationale
S cie n tific
O pportunities
A stro b io lo g y
-Instrum ents show  a relative 
abundance o f  w ater and 
p o s s ib ly  methane 
- V o lc a n ic  region: possible  
vents
F in d  traces o f  past o f  
present life
G eo lo g y
- S ig n s o f  recent or current 
v o lc a n ic  a c tiv ity
U nderstand the internal 
structure o f  the region 
and the planet
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E n g in e e rin g
O pportunities
T e c h n o lo g y
Fu tu re
m issio n s
- S ig n s o f  recent o r current 
v o lc a n ic  a c tiv ity
- S e ism ic  netw ork 
dem onstration
- In ve stig a tio n  o f  
G eotherm al P ow er
sources
-Instrum ents show  a relative 
abundance o f  w ater and 
p a ck  ice  form ations
- C h a ra cte risa tio n  o f  
regolith  and w ater/ice  
abundance to assess 
future ha b itab ility  
prospects____________
En g in e e rin g
Co nstrain ts
E D L
2 600m  b elo w  areoid Site 
E le v a tio n
F a v o u ra b le  landing 
altitude
Pow er 5 °N  Lo catio n
G o o d  e ffic ie n c y  from  
S o lar ce lls
T h e  date and tim e fo r the lan d in g  w ill  be s im ila r  to that o f  the E S A  D e m o L an d er m issio n  concept 
lan d ing the 13 J u ly  2 0 1 3  at 13:0 0 h , d iscussed  in greater details later in  this chapter. T h is  
particu la r p ro file , M C D  E S A  2 0 1 3 , extracted from  the latest v e rsio n  4 o f  the M a rs C lim a te  
D atabase show s a v e ry  harsh lo w -d e n sity  p ro file  lead ing to ch a lle n g in g  lan d in g  con d itio ns 
s ig n ific a n tly  w orse than the a lre ad y d iffic u lt  M E R  atm ospheric p ro file s  as show n in  the fo llo w in g  
F ig u re  152 and F ig u re  153. T h e  other atm ospheric p ro file s  w ill  be d iscussed  in C hapter 5.
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I  65000
|  55000
f  45000 a
§  35000
25000 
15000 
5000 
-5000
1.6-09 1.6-07 1.6-05 1.E-03 1.6-01
D e n s ity  [k g /m  A3]
F ig u re  152 -  C a se  S tu d y  A tm o sp h e r ic  P ro file  -  
C o m p a r iso n  w ith  M E R  an d  a v era g e  M G S  p ro file
F ig u re  153 -  C a se  S tu d y  A tm o sp h er ic  P ro file  
T e m p e r a tu r e  P ro files
F o r the study, the d a ily  and seasonal d en sity  variatio n  from  the E M C D  w as u n availab le . A  K a ss- 
S ch o fie ld  variatio n  p ro file [K a s s  and S ch o fie ld  2 0 0 3 ], as used b y the M E R  m iss io n  [D esai and 
K n o c k e  2004], w as used instead to p ro v id e  a good envelope o f  density perturbations for the 
pro file . T he d ensity v a ria b ility  is d efin ed  as a percentage o f  the in itia l d en sity  as show n F ig u re  
154. T o  com plete the atm ospheric m odel, the w in d  p ro file  is extracted from  the E M C D  at the 
lan d in g  site location, date and tim e as show n F ig u re  155.
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-50  -4 0  -30  -20  -1 0  0 10 20 30 40 50 60
Percent Variation from Kass-Schofield M ean
Wind Velocity [m/s]
F igu re 154 -  C a se  S tu d y  A tm o sp h e r ic  V a r ia t io n -  F i8 u re 155 "  C a se  S tu d y A tm o sp h e r ic  W in d
M od el ex tra cted  fro m  th e  E M C D  V 4 at the3 sig m a  B o u n d a r ies , p er c e n ta g e  from  M ea n , as 
u sed  for  M E R  p re -flig h t M o d e ls  [D esa i and  
K n o ck e  2004)
la n d in g  site
T h e  features o f  the lan d ing site can then characterised  to check the su ita b ility  o f  the site from  an 
e levatio n, slope and ro ck  abundance p ersp ective as w e ll as fo r future ro ve r access as show n in  the 
fo llo w in g  set o f  figures (F ig u re  156 to F ig u re  161). T hese m aps p ro vid e  a num ber o f  valu a b le  
info rm ation as sum m arised in  the T a b le  42 below .
T a b le  42  - L a n d in g  S ite  C h a ra c ter isa tio n
Data C om m ents
C ratering  A num ber o f  craters are present, but flat plains can be found w ith few craters
tow ards the south east o f  the map. Access to craters m ay be o f  interest.
E levation The flat plains o f  the m ap are about -2 6 0 0  m below the areoid.
Soil properties From the therm al inertia m ap, and albedo map presented in C hapter 3, the soil
appear to be m ainly constitu ted  from duricrust, sand, rocks and bedrock in the 
north and m ainly bright unconsolidated fines in the south.
Rocks The am ount o f  rock is found to  be covering betw een 5 and 10 %  across the
map, w ith few er rocks tow ards the south. This value is very sim ilar to the 
conditions at the V iking Lander 1 landing site. Its properties will therefore be 
used to describe the E lysium  Landing site.
Slope T he slope around a landing site centred on 15IE  and 5.5N is found to be less
than ld eg  per 400m , although a num ber o f  surface features such as small craters 
can be detected  locally.
R over Egress A lthough the site offers a relatively flat environm ent, local slopes and rough
terrain can be expected as seen in Figure 156. In addition, G olom bek et al
[G olom bek, Parker et al. 2001] suggests surfaces with slopes under 6 degrees
have about 5%  o f  their surfaces w ith slopes greater 15°.
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F ro m  the data presented above, the in itia l site at 1 5 0 E , 5 N  in  E ly s iu m  P la n itia  is  m oved  to 1 5 IE ,  
5 .5 N . T h is  la n d in g  site meets a ll the e ng ineerin g  constraints in  term  o f  site elevatio n, slope, ro c k  
abundance and R o v e r  access. F e w  sm all size  craters m ay  be presents in  the lan d in g  e llip se, but it 
w as found  to be p o te n tia lly  m ore s c ie n tific a lly  interesting than a site eastw ard w ith  fe w e r so il 
perturbations. T h e  therm al in e rtia l o f  the site show s ho w e ve r the p resence o f  fin e s that w il l  need 
ca re fu l assessm ent o f  the effect o f  dust on the craft fro m  so la r panel degradation to ro v e r egress 
and w heel slippage.
4.2 The Vanguard Mars Mission
T h e  V a n g u a rd  m iss io n  is  a p roposed  n e w  E u ro p e a n  M a rs  m iss io n  p ro p o sal to b u ild  on the U K -le d  
B e ag le 2  M a rs  m iss io n  and con tinue its astro b io lo g y -fo cu sed  in ve stig a tio n  o f  M a rs. A s  described 
b y  E lle r y  [E lle ry , B a ll  et al. 2 0 0 5 ], the m iss io n  o b jectives co n strain in g  the d esig n  o f  the V a n g u a rd  
m iss io n  can be su m m arised  as fo llo w :
T ab le  43 - V a n g u a rd  M ission O bjectives and Rationale
Prim ary objective (i) to  detect, identify  and characterise signs o f  extant or extinct life 
beneath  the oxidised regoiith  layer on the surface o f  M ars;
Secondary objectives (i) to  p rov ide the  first in  situ geophysical/geochem ical data on the sub­
surface M ars environm ent to  a depth o f  several m etres;
(ii) to p rov ide m eteorology and environm ental data on the M artian 
environm ent to  support future m anned and robotic  M ars m issions.
Tertiary  objectives (i) to  develop the technology to enhance robotic  exploration o f  the 
M artian environm ent over the nex t decade or m ore;
(ii) to  p rov ide an application  focus for m obile  robotics research w ith 
significant technology transfer applications;
(iii) to  provide a h igh  profile  science/engineering  endeavour to 
encourage new  students into science and engineering  education.
T h e  V a n g u a rd  lan d er package is  designed  to be ca rrie d  b y  the E u ro p ea n  M a rs  E x p re ss class 
spacecraft bus to m in im ise  costs in  spacecraft developm ent. M a rs  E x p re ss  is  a p re -e xistin g  bus 
w ith  a p a y lo a d  ca pa city  o f  1 76  k g  (in c lu d in g  orb iter instrum ents) g iv e n  its current (2 0 0 3 ) lau n ch  
p ro file . T h e  V a n g u a rd  p ro p o sal co m p rise s the land ed  segm ent o f  the m iss io n  w ith  m odest m ass 
and p o w e r requirem ents con strain ed  b y  the lim ite d  p ay lo a d  ca pa city  on the M a rs  E x p re ss  
spacecraft bus. T h e  landed segm ent w ill  co m p rise  a triad o f  rob otic d evice s to d ep lo y  a nu m ber o f  
instrum ents beneath the surface o f  M a rs. T h e  ro b o tic d evice s com prise:
( i )  a sm a ll base-station lan d er to p ro v id e  re la y  com m un ication s to the M a rs  orbiter;
( i i)  a rob o tic m icro -ro v e r (E n d u ra n c e ) s im ila r  to S o jo urner to p e rm it three w ell-separated  
sites to be selected fo r su b -su rfa ce  exp lo ratio n;
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( i i i )  three ground-penetrating m oles (O rp h e u s) s im ila r to that adopted on B eagle2 w h ich  
are m ounted in  a v e rtica l co n fig u ra tio n  at the rear o f  the ro v e r and to be deployed 
independently.
A s  d iscussed  b y E lle ry  [E lle ry , B a ll et al. 2 0 0 5 ], the surface package and constituting elem ents 
budgets are d efined  as fo llo w .
T a b le  4 4  - V a n g u a rd  M ission  M ass and  P ow er B u d g ets
Surface elem ent Sub-system Mass (kg) Pow er (W )
M ars lander Instrum ents 0.5 2.02
C om puter/electronics (ERC32) 1.8 5 (8 )
T elecom m unications 0.83 3 (2 0 )
Structure 6.63
Battery 2.1
Solar panels 10.5
Pow er conv/dist 1.3
T herm al control 6.0
R over support 3.0
M iscellaneous 1.5 2
Sub-total 34.2 12.02 (32.02)
Plus 5%  m argin 35.9 12.62 (33.62)
M ars rover S tructure 2.0
Solar panels 7.4
Pow er d ist/conv 0.8
Therm al control 2.0
Nav cam era stereo-pair 0.5 3
Panoram ic stereo-cam era pair
0.5 3
(1:8 m)
A utogyros 0.25 3
SEO LRF-200 laser n ^
range?nders
U. j J
Proxim ity/contact sensors 0.1 i
M obility/chassis system 2.5 6
C om puter/electronics
1.8 5 (8)
(E R C 32+2xT 865)
T elecom m unications 0.83 3
M iscellaneous 0.5 3
Instrum ents 6.8 22 (GPR)
Sub-total 26.5 32 (35)
Plus 5%  m argin 27.8 33.6 (36.8)
M oles x3 Structure 0.7
T ether (5 m) 0.5
Percussion m echanism 3 (5 )
Zeolite  caps 0.2
Instrum ents 0.43 4.1
Sub-total 1.8 7.1 (9.1)
Plus 5%  m argin 1.9 7.5
Surface segm ent Total 69.4
F ro m  this m issio n  concept, a ro v e r and lander co n fig u ra tio n s have been d esigned p artly  to refine 
at a later stage the d esign o f  the E D L S  concepts. T h e  o ve ra ll m issio n  trade-tree is presented in 
A p p e n d ice s A  in  F ig u re  266 and F ig u re  2 6 7. T he ro ver m o b ility  system  is based on a scaled
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E x o M a rs  ch a ssis d ow n to the size  o f  the En d u rance  rover. T h e  stowed co n fig u ra tio n  o f  the ro ve r 
has been constrained to a s lig h tly  enlarged S o jo u rn e r envelope o f  6 30  x 4 8 0  x 2 30  m m  as show n 
below .
PanC am s 
Stow ed mast 
ExoM ars C hassis 
M oles D elivery System s
F ig u re  162 - P ro p o sed  E n d u ra n ce  R o v er  C o n fig u ra tio n
F igu re 163 -  E n d u ra n ce  D ep lo y ed  C o n fig u r a t io n  w ith  m o les, in stru m e n t m a st an d  U H F  a n ten n a
T h e  lander is m ade o f  the sim plest form  to accom m odate the ro v e r and the supporting e lectronics 
and system s. It is  based on a s h e lf  on w h ich  a ll the system s are m ounted as show n in  F ig u re  164.
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X Band Patch Antenna 
Solar Panel O pening M echanism
Solar Panels
Vertical Link (configuration dependent)
R over soft track
A irbag Pressurised tanks
Rover 
Rover Interface
Stow ed A irbag
F ig u re  164 - P ro p o sed  V a n g u a rd  L a n d er  C o n fig u ra tio n  to a cco m m o d a te  th e  E n d u ra n ce  P a y load
T h ree  ve rtical lin k s  interface the b od y o f  the lander to the b ack sh e ll, the heatshield  and the m ain 
decelerator. T h e ir  shape and function is  s lig h tly  different betw een the E D L S  con figu ration s. T he 
pow er generation system  is com posed o f  3 so lar panels: 2 rotating panels at the top o f  the lander 
and one on its surface (F ig u re  165). T h e  lan d er co n sistin g  p rin c ip a lly  o f  com m un ication system s 
and lim ite d  on-board instrum entation, the p ow er requirem ents are m uch lo w e r than other active 
landers such as the B eagle2 craft. T h e  area covered  b y so lar ce lls  is  assum ed to be 7 5 %  o f  the 
a v a ila b le  area or 0.81 n r  and u n til further investigatio n is b elieved  to be su ffic ie n t to pow er the 
lander. T he system s and batteries are housed in a w arm  b ox on one side o f  the lander from  w h ich  
two rotary m otors lin k  to the so lar panels to open them. A n  X  band patch antenna based on the 
d esig n o f  S S T L  L / X  band patch antenna is  m ounted on the top so lar to be v is ib le  from  orbit 
d u rin g  the descent and the lan d in g  as sp e cifie d  b y the B eagle2 R e v ie w  B oard. A n  additional U H F  
w h ip  antenna is used for the ro v e r lin k  and a co m m un icatio n  backup.
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Stow ed C onfiguration 
Solar Panels and UHF antenna D eploym ent
D eflated A irbag
Rover D eploym ent 
Rover Egress and operation
F ig u re  165 -  V 'anguard L a n d er  O p era tio n  S eq u en ce
T h e  fo llo w in g  d iscu ssio n  w ill  deal w ith  the aspect o f  entry, descent and lan d in g  o f  this m ission . A  
num ber o f  past m issio n s such as M E R  and B eagle2 have show n that reco nnaissance o f  the 
atm ospheric characteristics and lan d ing site p rio r to entry w o u ld  be h ig h ly  desirab le  to m in im ise  
the lan d ing uncertainties. T o  this end, the case studies w ill assum e an entry geom etry s im ila r to 
the V ik in g  scenario that d ep lo yed  the landers from  orbit as show n in the fo llo w in g  [H o lm b erg , 
N .A . et al. 1980]. T h is  entry strategy is  d ifferen t from  the h yp erb o lic  d irect entries the M E R , M P F  
and B eag le2 m issio n s have used, lead ing to s ig n ific a n tly  lo w e r entry risk s.
F igu re 166 -  V ik in g  O r b ita l P h ase  an d  S ep a ra tio n  G eo m etr y  [H o lm b erg , N .A . et al. 1980 |
T h e  E D L  system  its e lf  w as in it ia lly  thought to be based on the B eag le-2 m issio n  co n sistin g  o f  
sequence o f  parachutes and a b o u n cin g  airbag system . T he fo llo w in g  d iscu ssio n  ho w e ve r w ill  be
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co m p arin g  a co n ven tio nal E D L S  against an inflatable-b ased  system  to ch e ck  the s u ita b ility  i f  any 
o f  the in fla ta b le  system  to re la tiv e ly  lig h t p aylo a d s. A s  a potential tech n o lo g y dem onstrator, the 
lan d in g  system  w ill  also co n sid e r vented system s s im ila r  to the one p lan ne d  fo r  the M a rs  E x o M a rs  
m issio n .
T h e  m ain m iss io n  constraints are su m m arise d  belo w .
Data Units V alue
Entry Velocity [m/s] 4600
A ltitude o f  landing [km] A s per topography, target to  -2600 below 
areoid
In-orbit M ass [kg] 140
H eatshield/Inflatable h a lf  angle [deg] 70
M ax D eceleration [g] 9 m ax, the low er the better (M PF 16g)
M ax H eat Rate [W /cm 2] T he low er the better to m in im ise  TPS 
m ass (M PF 116 W /cm 2)
Im pact velocity [m/s] 18 m ax (A irbags tested up to 20-22 m/s)
Parachute d iam eter DGB [m] 15 m ax (M ER size)
DGB Cd [N/A] 0.5
Parachute D iam eter Ringsail [m] 15 max*
Ringsail Cd [N/A] 1.05**
* A ssum ed 50%  increased from  B2 feasib le in the  tim efram e o f  the m ission
** D em onstrated capabilities o f  Earth System s, but not yet on Mars. A ssum ed feasib le in the tim efram e 
o f  the m ission
B o th  the co n ven tio n al and in fla ta b le  options w ill  be presented b elo w  and their respective results, 
m iss io n  p ro file s  and budgets com pared  in  the latter section.
4.2.1 Parachute Based EDLS
T o  date, a ll the m issio n s to M a rs  h a ve  used parachute-based system s w ith  and w ithout rockets as 
d iscussed  in  the e a rly  chapters. T h is  op tion w as therefore the first to be con sidered  and 
investigated. T h is  E D L  system  re lie s  on a tw o-parachute co n fig u ra tio n  as sh o w n  in  F ig u re  16 7 
fo llo w in g  a typ ica l tw o-parachutes E D L  sequence:
T h e  v e h ic le  is  m ade o f  a s o lid  front and b a ck sh e ll to s h ie ld  the lan d er fro m  the entry loads
O nce the pe aks o f  deceleration, heat rate and d yn am ic p ressure h ave passed, the D G B  
drogue parachute is  d ep lo ye d  b y  a m ortar once the d yn am ic p ressure le v e ls  are w ith in  
d esig n m argins
O nce suitable  deplo ym ent co n d itio n s fo r the m ain parachute are reached, the drogue 
separates the b a ck sh e ll from  the v e h ic le  and d eplo ys the m ain  chute.
T h e  m ain  decelerator is deplo yed , and the heatshield subsequently separated.
T h e  airbag or airbags are in fla te d  p r io r  to im pact and the parachute separated m eters from  
the ground b y an altim eter trigger com m and o r at im pact.
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Peak H eatine 
D rogue deploym ent
Backshell Separation 
and
Main C hute D eploym ent
H eatshield Separation
A irhag Inflation
F igu re 167 -  I llu stra tio n  o f  th e  E D L  S e q u e n c e  u sin g  a c o n v e n tio n a l E D L  S y stem
A lth o u g h  the m issio n  is aim ed at a 2 0 1 3  lan d ing, the purpose o f  the m issio n  can have c lo se r goals 
su ch as dem onstrating ke y techn olo gies fo r future Eu rop ean e xp lo ra tio n  m issio n s su ch as 
E xo m ars. T o  this end, the V a n g u a rd  m odel w as scale d  from  an E xo m ars-ty p e  o f  m issio n  based on 
the b a llis t ic  co e ffic ie n t o f  the v e h ic le  d u rin g  the entry phase, quoted at 5 7 - 5 8 k g /n r  for E x o M a rs. 
T o  m ake use o f  heritage and e xistin g  aerod yn am ic databases, a 70degrees heatshield 
co n fig u ra tio n  w ill  be used assum in g a nose rad iu s equals to a quarter o f  the diam eter o f  the 
v e h ic le , ak in  to the M P F  and M E R  co n fig u ra tio n s. T h e  b acksh e ll is b ic o n ic a l as w as V ik in g  to 
facilitate  the p ackag ing  o f  the payload. T h ese con siderations lead to the fo llo w in g  con fig uration :
169
Chapter 4. EDLS Case Studies
F igu re 168- V a n g u a rd  A ero sh e ll C o n fig u r a tio n  w ith  a 70  d eg  H ea tsh ie ld  an d  B ico n ic  B a ck sh e ll
V ertical Link
Heatshield Interface
Stow ed A irbae
F igu re 169 -  V a n g u a r d  P a ra ch u te  C o n fig u r a tio n  -  P a ck a g in g  an d  in te rn a l L a y o u t
W ith  a diam eter o f  1.35  m, the B C  o f  the v e h ic le  reaches 5 8 .2 k g /n r, c lo s e ly  m atching that o f  
E x o M a rs. T he flight path angle (fp a ) is  found fo llo w in g  a trade o f f  study b ala n cin g  the fo llo w in g  
criteria:
T oo Plate
Backshell
M ortar and drogue 
Parachute
M ain Parachute
fpa value (from  local horizontal):
Low Pro - Low heat fluxes on the heatshield and dynam ic pressure
Cons - Increase o f  the integrated heat load transm itted to the vehicle
- Possible atm ospheric skip out i f  the fpa reach a critical value
- Lim its the landing accuracy
High Pro - Low integrated heat loads
Cons - High heat fluxes
- High dynam ic pressures on TPS and at parachute deploym ent
- Shortening o f  the EDL tim eline.
The effect of the fpa on these parameters is shown in the following Figure 170 to Figure 173.
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F ig u re  170- F lig h t-P a th  A n g le  E ffect on  
A cce le ra tio n  levels
H ent R a te  fW  cm i] Vs A ieoid  Altitude [in)
Heat Rate [W /cm2j
F ig u re  171 -  F lig h t-P a th  A n g le  E ffec ts  on H eat  
R ate levels
F ig u re  172 -  F lig h t-P a th  A n g le  E ffect on  F igu re 173 -  F lig h t-P a th  A n g le  E ffect on
D y n a m ic  P ressu re  L evels In teg ra ted  H ea t L o a d s L evels
T h e  skip -o u t angle represents the flight-path angle (fp a ) for w h ich  the trajectory does not lead to 
an atm ospheric entry and bounces o f f  the atm osphere into space. It can be evaluated by 
pe rfo rm ing  a trade study on the flight-path angle s im ila r to the one presented above w ith 
decreasing  fpa until the trajectory actu a lly  sk ip s out o f  the atm osphere. F ro m  this study, the skip - 
out Ipa has been evaluated at - 7 . 7 5  deg fo r the g iv e n  entry co n d itio ns o f  the m issio n . T h e  T P S  
b aselined  for this study w as the E A D S  N o rco at H P K . D escribed  as a 2 0 0 0 ° C  cla ss ablative 
then nal protection m aterial, it is used fo r m id d le  or high aerodynam ic flu x e s  (1 to 5 M W /m '). 
H ere, the flu x e s and loads are w e ll w ith in  the m argins. T he d yn am ic pressure p ro file s  show s that 
thanks to the low  e levatio n o f  the site, the parachute can be deployed at a suitable d yn am ic 
pressure. T he fpa is therefore d efined  as a trade o f f  betw een the le v e ls  o f  deceleration o f  the craft, 
the T P S  thickness/m ass and the n ecessity  to steer aw ay form  the sk ip  out angle for all entry 
co n d itio ns. A n  in itia l fpa o f  - 1 2 .5  has been chosen assum in g an entry e rror o f  ±  ld e g . F o r a
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sh a llo w  entry, this leaves a m argin  o f  3 .7 5 d e g  from  the sk ip  out angle and fo r a steep entry, the 
m axim u m  acceleration is b elo w  9g.
F o r the descent phase, both the parachutes are sized  to p rovid e a su ffic ie n t descent rate to initiate 
the next phase. T h e  deploym ent sequence is designed so that the parachutes d ep lo y in  suitable 
atm ospheric and d yn am ic co n d itio n s based on heritage data from  past m iss io n  and tests [K n a ck e  
1992; P io n e er-A ero sp ace  2 0 0 3]. In  addition, the sequence m ust also ensure that a ll the operations 
in  the E D L  sequence (d ro gue and m ain chute deploym ent, stabilisatio n, heatshield  separation, 
airb ag in fla tio n ) can be perform ed fo r a ll potential entry cond itio ns. T h e  param eters fo r the 
chosen co n fig u ra tio n  are sum m arised in  the fo llo w in g  table:
T a b le  4 5  - V a n g u a r d  P a ra ch u te  C o n fig u ra tio n  M ission  P a ra m eters
Item Data Units V alue
Entry System
H eatshield D iam eter [m] 1.350
H alf-A ngle [deg] 70
N ose radius [m] 0.337
TPS T hickness [m] 0.007
Ballistic C oefficient [kg/m : ] 58.21
Mass [kg] 16.520
Backshell D iam eter [m] 1.100
TPS thicknell [m] 0.001
M ass [kg] 12.960
Total M ass Entry [kg] 29.48
D escent System
Drogue Type [m] DGB
D iam eter [m] 3
Cd 0.5
Deploy Mach [M] 1.5
Mass [kg] 0.83
M ass M ortar [kgl 2.3
Main T ype Ringsail
Diam [m] 15
Cd 1.05
T arget Deploy. M ach [M] 0.6
Mass [kg] 7.85
Initial Suspended M ass [kg] 126.37
Final Suspended Mass [kg] 110.34
T arget Term inal V elocity [m/s] 16.5
Total M ass D escent [kg] 10.98
Landing System
Airhag Design Type Vented
Im pact Velocity [m/s] 20.000
M ax Rock Height [m] 0.500
M ax D eceleration [g] 50.000
D iam eter 2.800
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Stroke [m] 0.400
Height [m] 0.900
M aterials V ectran
Initial Internal Pressure [Kpa] 12.000
Segm ents 6.000
M ass Bag [kg] 12.900
Inflation System
M ass gas [kg] 0.720
Tank pressure Mpa 0.192
Tank diam eter [m] 0.098
V olum e [mA3] 0.001
Tank M ass [kg] 0.660
U nits 2.000
Total Inflation M ass [kg] 2.040
Total Mass Landing [kg] 14.940
Total Conventional E D L S  Mass (excl M argin) [kg] 55.400
M argin 5% 2.77
Total E D L S  Mass (incl. Margin) [kg] 58.17
Payload Ratio 0.525
Mass Entry 
21%
F ig u re  1 7 4 -  V a n g u a rd  P a ra ch u te  C o n fig u ra tio n  M ass B rea k d o w n
Inflation System
4% "A
F igu re 175 -  V a n g u a rd  P a ra ch u te  C o n fig u r a tio n  -  E D L S  M ass B rea k d o w n
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H a v in g  defined the parachute-based E D L  system , it is p o ssib le  to turn o u r attention to novel 
system s such as the inflatable  decelerators.
4.2.2 Inflatable EDLS
T h e  inflatable  co n fig u ra tio n  is  partly  based on the N e tLan der inflatable  co n fig u ra tio n  and the 
IR D T  co n fig u ra tio n  presented b y M a ra ffa  and W ild e  [M arraffa, K a s s in g  et al. 2000; W ild e , D . et 
al. 2000], T he geom etry is based on a 7 0  degrees sphere-cone rin g -stiffe n e d  tension shell 
re in fo rced  w ith inflatable beam s. A  second deceleratio n stage is m ade o f  a b ig g e r torus supporting 
a tension shell m em brane.
A t entry the p rim a ry  IB D  ( P IB D )  is inflated, p ro v id in g  a 2.5m  diam eter co n fig u ra tio n  as show n 
F ig u re  176.
F igu re 1 7 6 -  V a n g u a rd  E n try  C o n fig u r a tio n  w ith  P r im a ry  IB D  D ep lo y ed
D u rin g  the descent the second torus and the beam s are inflated to an in itia l 7m -diam eter 
co n fig u ra tio n  before in fla tin g  the fin a l torus p ro v id in g  the fu ll 13m  diam eter fin a l geom etry.
F ig u re  177 -  V a n g u a rd  -  F u lly  In fla ted  B r a k in g  D ev ice  C o n fig u ra tio n
174
Chapter 4. EDLS Case Studies
Prior to  entry -  Inflation o f  
the PIBD
Peak H e a tin e
Inflation o f  Second C ascade
H eatshield Separation
A irbag and IBD Deflation and 
IBD Separation
F ig u re  178 - I llu stra tio n  o f  the  F D L  S e q u e n c e  u sin g  an In fla ta b le  E D L  S y stem
T h e  v a rio u s  m em bers constituting the in fla ta b le  structure behave m e ch a n ic a lly  in a num ber o f  
w ay s and have been sized  acco rd in g ly :
T h e  outer torus resists to the pressure loads transm itted by the front sk in . T h is  u n ifo rm ly  
ce n trip e ta lly  applied  load, assum ed in -p lan e  w ith the torus, stresses the m em brane o f  the 
torus until it w rin k le s  le ad in g  to the b u c k lin g  o f  the torus and fa ilu re  o f  the decelerator. 
T h e  s iz in g  o f  this torus has been perform ed fo llo w in g  a m ethod d eveloped  by W eeks 
[W ee ks 19 6 7] and reused in  other projects as described b y K y s e r  [K y s e r  1967]. T he inn er 
rad ius o f  the section o f  the torus is sized  to lim it hoop stresses in  the torus b elo w  a critic a l 
stress d efined  b y a num ber o f  param eters in c lu d in g  inn er pressure, loading  co n fig u ra tio n  
and fab ric properties.
T h e  m edium  torus behave in  a s im ila r  w a y  to the outer torus, but to keep the aerod ynam ic 
shape and p o ssib ly  reuse experim ental aerodynam ic databases, a num ber o f  beam s (8 ) are 
stiffe n in g  the system . T hese beam s w ill  behave in bending as they resist the pressure load
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transm itted b y the sk in , but w il l  also w o rk  in  com pression betw een the two tori as they 
resist the com pression loads fro m  the m edium  torus. T he m edium  torus and beam s have 
been size d  to ensure that none o f  the stresses exerted on the w a lls  exceed the w rin k lin g  
stress assum ed here as the fa ilu re  con d itio n. T h is  m ethods is u ltim ately  s im ila r to the one 
presented and used in  the S P R In T  P ro je c t.[S P R In T  2000]
T h e  inner torus supports the deploym ent o f  the P IB D  d u rin g  entry. It is clam ped to the 
lander structure and is not as stressed as the other two. N evertheless, it supports and 
interfaces w ith the beam s w h ich  for s im p lic ity  are not tapered. T he in n er torus is therefore 
s lig h tly  larger than w o u ld  m e ch a n ic a lly  be required.
T h e  core o f  the v e h ic le  is presented in the fo llo w in g  F ig u re  179  b elo w  w ith the IB D  om itted for 
c la rity . T he inn er torus is connected to the b o d y o f  the lander by m eans o f  a fle x ib le  cla m p in g  
system  that a llo w s the release o f  the IB D  on the ground. T he in fla tio n  system  relie s on 6 nitrogen 
tanks located on a s h e lf  located b ehind the heatshield w h ile  the sk in  and fle x ib le  T P S  is  clam ped 
to the perim eter o f  the shield. T h e  heatshield is  its e lf  lin ked  to the base o f  the lander through 6 
struts and 3 attachment points that can be severed to release the sh ie ld  and tanks altogether before 
in itia tin g  the in fla tio n  o f  the vented airb ag system .
----------- IBD Clamp
/
IBD Interface
Stowed Airbag 
Heatshield Interface
Skin Clamp 
Tank Shelf 
IBD Tanks 
Heatshield
F ig u re  179 -  V a n g u a rd  In fla ta b le  C o n fig u ra tio n  -  C o re  o f  th e  C ra ft
T h e  p ressurisation system  has been size d  to co m p ly  w ith the fin d in g s o f  F in ch e n k o  [F in ch e n ko , 
V .S . et al. 2002] w ho d erived  from  experim ental testing that the internal pressure o f  the envelope 
m ust be at least 4 tim es greater the d yn am ic pressure. From  a design point o f  v ie w , the greater the 
internal p ressure the sm a lle r the ra d ii o f  the beam  and tori, but this in turn im poses som e 
constraints on the in fla tio n  system  and the am ount o f  gas required. A s  show n in  the next section, 
the d yn am ic pressure d u rin g  entry peaks at 1 4 1 0 N /m : leading to a m in im u m  internal pressure
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req u ire d  o f  5640Pa. A c c o u n tin g  fo r a se cu rity  m arg in  o f  50 %  to accou nt fo r atm ospheric 
va ria tio n s and entry co n d itio ns, a v a lu e  o f  8500 P a (1 .2 5 P S I) is  used. T h is  pressure, w h ic h  shou ld  
o n ly  be req u ire d  d u rin g  P IB D  deploym ent at the pe ak d yn am ic pressure, is  m aintained throughout 
the entry to co v e r fo r sm a ll punctures o r leaks at the seam s, and ensures the aerod yn am ic shape is 
m aintained.
T h e  e nvelope o f  the IB D  is  m ade o f  tw o d istin ctive  parts: the b a sic  e nvelope in fla te d  at the second 
and third stage and the fle x ib le  T P S  c o v e rin g  the P IB D  surface. T h e  m ain  enve lo p e  is  m ade o f  a 
s ilic o n  coated IC evla r fa b ric  p ro v id in g  an airtig h t in fla ta b le  b lad d er as b a se lin e d  fo r the I R V E  
v e h ic le  [H u ghes, D illm a n  et al. 2 0 0 5 ]. In  ad d ition, H ughes notes that I L C  D o v e r has su c c e s s fu lly  
tested this m aterial fo r E a rth  ap p lica tio n  on sev e ra l inflated  products. T h e  therm al protection fo r 
these system s p ro v id e s the ch a lle n g e  o f  lim itin g  the heat flu x e s and tem peratures w ith  lig h tw eig h t 
and f le x ib le  m aterials. T o  date, a num ber o f  m aterials have been id e n tifie d  and characterised that 
p ro v id e  good therm al in su la tio n  w h ile  ke ep in g  their f le x ib ility  and p ro v id in g  re la tiv e ly  good areal 
density. S uch m aterials are m a in ly  based on alu m in a o r s ilic a  fib re s and have been alread y been 
u sed  e xte n siv e ly  in  furnaces or as fire  barrier. T h e  m aterials selected fo r the co n fig u ra tio n  are the 
3 M  N e x te l™  3 1 2  to p ro v id e  a h ig h  tem peratures and flu x e s  b arrier and the Z irc a r  A lu m in a  M at. 
T h ese m aterials in  one form  o r an other constitute the base o f  a num ber o f  IB D  projects su ch  as 
I R V E  o r Y E S 2  and the S P R In T  studies [S P R In T  2 000; K r u ijf f ,  H e id e  et al. 2 0 0 3 ]. T o  date, no 
s p e c ific  details co u ld  be obtained fro m  the R u ss ia n  inflatable  projects apart fro m  the b asic  type o f  
T P S  fib re s [Finchenlco, V .S . et al. 2 002 ; F in ch e n k o  and Iv a n k o v  2 0 02 ]. It  w as therefore assum ed 
that they used pro p rie tary  solutions.
F o r this m issio n , the T P S  on the heatshield  is  sized  to sustain the p e ak stagnation tem perature and 
heat flu x e s  and p ro v id e  an intern al tem perature w ith in  300IC. T h e  fle x ib le  T P S  is  sized to sustain 
up to the stagnation w a ll tem perature and heat flu x e s  to account fo r p o ssib le  angle o f  attack 
v a ria tio n  and trim  state at p e a k  heating. S im ila rly  to the so lid  heatshield, the p a y lo a d  and inflated  
b ladders are kept to around 3 0 0 K  as w e ll. T h is  m ethod, although co n servative, p ro v id e s the w orst 
d esig n envelope to determ ine the T P S  m ass budget. T h e  heatsh ield  and fle x ib le  T P S  
co n fig u ra tio n s are sh o w n  b e lo w  in  F ig u re  180 and F ig u re  181 below .
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MLI -  0.4 mm
CFRP/A1 Structure 
TPS bonding
Norcoat HPK -  6m m
Heat Flux
F ig u re  180 - V a n g u a rd  In fla ta b le  C o n fig u r a tio n  -  H ea tsh ie ld  T P S  S tr u c tu re
Silicon C oated K evlar Cloth -  0.3 mm
Dry Kevlar -  0.25m m
MLI -  0.7m m  
Alum ina Mat -  25m m  
Nextel 312- 2x 0.36m m
F igu re 181 - V a n g u a r d  In fla ta b le  C o n fig u r a tio n  - IB D  T P S  S tr u c tu re
T h e  tem perature p ro file s  resultin g  from  this co n fig u ra tio n  are show n in  F ig u re  182 and F ig u re  
183 for the fle x ib le  T P S , and dem onstrate that the tem perature o f  the K e v la r  blad d er w ill  be 
m aintained between 290 and 30 0  K  at a ll tim e d u rin g  the atm ospheric entry. F o r com pleteness, 
the m aterials properties are sum m arised  in  T a b le  46 below .
T a b le  4 6  - V a n g u a rd  In fla ta b le  C o n fig u r a tio n  - M a ter ia ls  P ro p er tie s
Nam e Density
Areal
Density
Thickness Spec
Heat
C onductivity
Max
operating
tem perature
Units [K g/m 3] [K g/m 2] [mm] [J/Kg.K] [W /m .K] [K]
Kevlar 49 Cloth* - 0.168 0.254 - - 500
N extel 312 AF-10 - 0.292 0.38 1130 0.17 1477
Z ircar A lum ina 35 - variable 1047 0.23 1923
MLI 1.47 0.7 1022 6e-4 1000
*Note that the K evlar is not used in the design o f  the TPS and is provided for future reference.
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F ig u re  182 -  IB D  T e m p e r a tu r e  P ro file  d u r in g  F ig u re  183- K ev la r  B la d d er  T e m p e r a tu r e  
M ars E n try  P ro file  - D eta il
O ne w ill  note that the peak w a ll tem perature is  v e ry  clo se to the N extel operating capab ilities. O n
the other hand, the m elting tem perature o f  this fab ric  is  about 2 0 7 3 K  and the peak tem perature
lasts few  tens o f  seconds. T h is  so lu tio n  w as therefore ju d g e d  suitable fo r this co n fig uration . T hese
results have been later co n firm e d  b y a num ber o f  experim ental results perform ed  in  the fram e o f
the Y E S 2  Project that investigated a num ber o f  fle x ib le  T P S  co n fig u ra tio n  and presented b y V a n
der H eide and K r u ij f f  [H e id e, J et al. 2 0 0 3 ]. In  the study, one o f  the sam ples referred to a T P S -0 1
w as based on N e xte l cloth and alu m ina mat w ith  s im ila r thicknesses and w as ju d g e d  suitable for
su ch use as tested for up to 1 3 0 0 K . W ith  the addition o f  the M L I  layer, the results o f  the
experim ental study are in accord  w ith  the T P S  s iz in g  proposed here. T h e  fo llo w in g  T a b le  4 7
sum m arises the m ain d esig n  features and m ass param eters for this inflatable  con fig uration .
T a b le  47  -  V a n g u a rd  In fla ta b le  C o n fig u ra tio n  D esign  D ata
Item Data Units Value
Inflatable structure
Inner Torus D iam eter [m] 1.180
Section D iam eter [m] 0.350
Area [mA2] 1.965
V olum e [mA3] 0.240
M ass [kg] 0.330
M iddle Torus Diam eter [m] 6.496
Section D iam eter [m] 0.504
Area [mA2] 16.907
V olum e [m A3] 8.454
M ass [kg] 2.840
O uter Torus D iam eter [m] 12.079
Section D iam eter [m] 0.921
Area [mA2] 50.594
V olum e [m A3] 52.524
M ass [kg] 8.500
Beams Length [m] 3.300
Section D iam eter [m] 0.350
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Area [mA2] 28.630
Volum e [mA3] 2.472
M ass [kg] 1.310
Total Beam  M ass [kg] 4 .810
M em brane Area [mA2] 140.72
M ass [kg] 23.64
Total Inflatable S tructure M ass [kg] 40.12
Inflation System
Gas Type N itrogen
V olum e [m A3] 0.012
M ass [kg] 4.613
Tanks D iam eter [m] 0.082
V olum e [m A3] 0.002
U nit Mass [kg] 1.400
Units 6.000
Total Inflation M ass [kg] 13.010
Therm al Protection System
Heatshield D iam eter [m] 0.8
Structure Mass [kg] 4.023
TPS M aterial N orcoat HPK
TPS Thickness [m] 0.0072
TPS M ass [kg] 1.796
Flexible TPS M ass [kg] 13.740
Total TPS M ass [kg] 19.260
Airbag
Design Type Vented
Im pact Velocity [m/s] 20.00
Max Rock Height [m] 0.50
M ax D eceleration [g] 50.00
D iam eter [m] 2.80
Stroke [m] 0.40
Height [m] 0.90
M aterials V ectran
Internal Pressure [Kpa] 12.00
Segm ents 6.00
M ass Bag [kg] 12.90
Inflation System
M ass gas [kg] 0.720
T ank pressure Mpa 0.192
T ank diam eter [m] 0.098
V olum e [mA3] 0.001
T ank M ass [kg] 0.660
Units 2.00
Total Inflation Mass [kg] 2 .040
Total A irbag Mass [kg] 14.940
Inflatable C onfiguration  M ass (excl M argin) [kg] 87.33
M argin 5% [kg] 4.36
Total C onfiguration M ass (incl. M argin) [kg] 91.69
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Payload
38%
Inflatable
Structure
37%
Entry TPS 
14%
Landing
11%
F ig u re  184 -  In fla ta b le  C o n fig u r a tio n  M ass B rea k d o w n
Airbag
Inflation
2% \
Airbag 
Structure 
15%
IBD Inflation 
15%
TPS
16%
Beams 
0o/o Inner Torus
f  0%
Heatshield
6%
Medium
Torus
3%
Outer Torus 
10%
Membrane
27%
F ig u re  185 -  In fla ta b le  C o n fig u r a tio n  M ass B r ea k d o w n  - D eta ils
4.2.3 EDLS Performances
T h e  V a n g u a rd  m is s io n  h as  b e e n  d e f in e d  a b o v e  w ith  b o th  a p a ra c h u te  a n d  in f la ta b le -b a se d  E D L S  
c o n f ig u ra tio n . H e re  th e  s im u la te d  re su lts  fo r  b o th  ty p e s  o f  m is s io n  a re  b e in g  re v ie w e d  a n d  th e ir  
p e r fo rm a n c e s  d isc u sse d  in  te rm  o f  la n d in g  a c c u ra c y , te rm in a l v e lo c ity  a n d  p a y lo a d  ra tio .
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4.2.3.1 Mission Profiles
T h e  m ain m issio n  p ro file s  are presented b e lo w  in  the fo llo w in g  F ig u re  186 to F ig u re  191. T he 
deceleration and v e lo city  p ro file s  show  that thanks to the lo w e r B C , the peak deceleration 
happens at about the same tim e, but is o cc u rrin g  is m uch higher altitude fo r the IB D  co n fig u ra tio n  
(+ 8 5 0 0 m ), w h ile  both peaks can be seen at around  8-8.3 g.
F ig u re  186 -  V a n g u a rd  D ece le ra tio n  P ro file s  F ig u re  187 -  V a n g u a rd  V e lo c ity  P rofiles
T h e  decelerations from  the other E D L S  events are greater for the parachute system  w ith a peak at 
6.6g at m ain parachute deploym ent. T h e  IB D  sequence as it g ra d u a lly  inflates o n ly  generates a 
peak at 2.2 g w hen the third stage is deployed.
F ig u re  188 -  V a n g u a rd  H ea t R ate  P ro file s  F ig u re  189 -  V a n g u a rd  W a ll T e m p era tu re
P rofiles
W ith  the sam e nose m aterial and therefore sam e e m issiv ity , the d ifferen ce betw een the two heat 
flu x e s  is m ain ly  d erived  from  the d ifferen ce  in B C  and nose bluntness: the IB D  co n fig u ra tio n  has
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a lo w e r B C  and greater nose rad iu s than the parachute based system  w h ich  w ill  both decrease the 
heat rate on the nose. T h is  subsequently reduces the w a ll tem perature s ig n ific a n tly  as w e ll. F in a lly  
the total heat loads on the IB D  are o n ly  h a lf  o f  the con ven tio nal system , red u cin g  again som e o f  
the T P S  requirem ents. In  addition, the T P S  on the IB D  is subject to a lesser d yn am ic pressure, 
red u cin g  the im pact o f  a e rod yn am ic stresses on the T P S .
F ig u re  190 -  V a n g u a rd  In teg ra ted  H eat L oad  F igu re 191 -  V a n g u a rd  D y n a m ic  P ressu re  
P ro files  P ro files
T h e  m issio n  p ro file s show  that both co n fig u ra tio n s are w e ll w ith in  the design m argins for such 
system s and that the m issio n  requirem ents are met throughout the E D L  phases. B oth concepts, 
based on the sim ulated data above, appear to be v ia b le  options to d e live r the V an g u ard  payload.
4.2.3.2 Landing Site Targeting
A  num ber o f  M o n te -C a rlo  studies have been perform ed to understand the b eh a vio u r o f  the tw o 
E D L S  co n fig u ra tio n s subjected to the in flu e n ce  o f  v a ry in g  in itia l and atm ospheric co n d itio ns and 
determ ine the lan d in g  accu ra cy  and term inal v e lo c itie s  o f  both system s. A  total o f  2 000 runs per 
co n fig u ra tio n  have been perform ed w ith  the fo llo w in g  inputs.
T a b le  4 8  - V a n g u a rd  M o n te -C a r lo  In p u ts
Data V alue
Deviation Distribution
Para IBD
Latitude -2.21 -2.6 ±0.3 G aussian
Longitude 145.6 145.4 ±0.3 G aussian
Heading G aussian
Flight Path A ngle -12 -12.5 ±1 G aussian
Probe Mass 140 ±1.4 Gaussian
Velocity 4600 ±25 G aussian
A tm ospheric Density M ean ±3s G aussian
W inds Mean Uniform  O ff  or On
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T h e  term inal v e lo citie s resu ltin g  from  this stud y is  show n b elo w  in the fo llo w in g  F ig u re  192, 
F ig u re  193 and T a b le  49. T h e y  reve al the two co n fig u ra tio n s can ach ieve  term inal v e lo citie s  
com patib le w ith the design o f  the airb ag  that w o u ld  th eo re tically  a llo w s o f  up to 20 m /s and meet 
the m issio n  threshold o f  18 m /s w ith  a p ro b a b ility  o f  0.98 for the co n ven tio nal system  and 1 for 
the inflatable  con figu ration .
Parachute Configuration - Monte Carlo Simulation Results hflatable Configuration - Monte Carlo Simulation Results
Velocity [m/s] Velocity [m/s]
F ig u re  192 -  V a n g u a rd  P a ra ch u te  C o n fig u r a tio n  
-  T e r m in a l V e lo c it ie s  M o n te -C a r lo  O u tp u ts
F ig u re  1 9 3 - V a n g u a rd  IB D  C o n f ig u r a t io n -  
T e rm in a l V e lo c it ie s  M o n te -C a r lo  O u tp u ts
T h e  accu racy  o f  the lan d in g  fo r the tw o co n fig u ra tio n s is  show n below .
Monte-Cailo Longitude [deg| V s Latitude A ie o p  aplur |deg]
T " ~
Par ac hut
1 5.5 
3  5
4? g  g  ^
Longitude [deg E]
149 1498 1506 1514 1522 153
Longitude [deg]
F ig u re  194 -  V a n g u a rd  L a n d in g  E llip se s  an d  F ig u re  195 -  S P A D E S  O u tp u t o f  the  In fla ta b le  
R a n g e  C irc le s  - P a ra ch u te  V s In fla ta b le  C o n fig u ra tio n  w ith  M D IM  p ic tu r e  O v er la y
184
Chapter 4. EDLS Case Studies
T h e  lan d in g  spreads fo r both co n fig u ra tio n s are w ith in  a 9 5 k m  lon g b y 3 5 k m  w id e  for the 3-sigm a 
e llip se  centred clo se  to the 5 .5 N , 1 5 I E  target lan d in g  site. T he d ifferen ce betw een the parachute 
and inflatable  E D L S  is  m arginal and present the sam e characteristics. T he lan d in g  param eters for 
these M o n te -C a rlo  studies are su m m arised  in the table below .
T a b le  4 9  - V a n g u a rd  T e r m in a l V e lo c ity  M o n te -C a r lo  O u tp u ts
E D L S Data U n its M ean Sigm a ( a ) 9 5 %  interval
T e rm in a l V e lo c ity [m /s] 16.61 0.46 1 5 .7 6 -1 7 .5 5
Parachute Lo ngitud e [deg E ] 1 5 1 .1 0 0.22 1 5 0 .6 7 -1 5 1 .5 3
Latitude [deg N ] 5.51 0.29 4.96-6.09
T e rm in a l V e lo c ity [m /s] 15.91 0.44 15.0 9 -16 .8 6
In flatab le Lo ng itud e [deg E ] 15 1.0 3 0.21 1 5 0 .6 1 -1 5 1 .4 6
Latitude . [deg N ] . 5.51 0.28 4 .98-6.08
F ig u re  196 -  S P A D E S  O u tp u t - V a n g u a rd  L a n d in g  S ite  an d  D etecta b le  F ea tu res in the  N orth  F acin g
P a n o r a m a
Fro m  the m issio n  p ro file s, the V an g u ard  m iss io n  has been show n to be able to reach the E ly s iu m  
P lanitia  L a n d in g  site w ith  either the parachute-based or IB D  E D L S  in a ll the atm ospheric 
co n d itio n s investigated. S in ce  the atm ospheric co n d itio n s for the date and tim e o f  the lan d ing are 
fa ir ly  stringent, it is foreseen that these co n fig u ra tio n s w ill  be able to accom m odate a w id e range 
o f  atm ospheric variatio n s assum in g the low est density p ro file  at -3 s ig m a  o f  the M C D -E S A - 2 0 1 3  
p ro file . B ut the design o f  both E D L S  show s som e s ig n ifica n t d ifferen ces in the am ount o f  payload  
the m issio n  is able to d e liv e r as show n in  the fo llo w in g  section.
4.2.3.3 EDLS performances and design options
S in ce  the m issio n  study show ed that both E D L S  designs w ere fu lf illin g  the m iss io n  requirem ents, 
the p ayload  ratio the v e h ic le  can d e live r becom es a d e cisive  factor. T h e  sections above show ed 
that the parachute E D L S  w as capable o f  accom m odating a payload 5 5 %  o f  the in itia l m ass against 
a 3 8 %  payload  for the IB D  co n fig u ra tio n . F o r this m issio n  and this co n fig u ra tio n , the parachute 
option is  c le a rly  the favoured  options unless m aterial technology can reduce the greatest m ass o f
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the in fla ta b le  system  i.e. the m em brane and tori m asses. A lte rn a tiv e ly , lig h te r in fla ta b le  options 
m ay  also be considered : the H y p e rco n e  concept fo r exam ple [W ee ks 19 6 7; B ro w n , E p p  et al. 
2 0 0 3 ] re lie s  o n ly  on an external torus and a m em brane, sa vin g  the m asses o f  the beam s and tori o f  
the in itia l stage. In  this p a rticu la r case, the d esig n  fo r the outer torus w o u ld  rem ain  the same. T h e  
b e h a v io u r o f  this n e w  co n fig u ra tio n  h o w e v e r cannot be lin k e d  to e xistin g  data and w o u ld  need to 
be e ntire ly  characterised  beforehand. T h e  fo llo w in g  table sum m arises the m iss io n  data fo r va rio u s  
con fig u ratio n s and their re la tive  p a y lo a d  ratio.
F ig u r e  197  - V a n g u a r d  E D L S  P a y lo a d  R atio
Parachute Inflatable H ypercone
In-orbit m ass 140 140 140
Total ED LS M ass 55.4 87.33 75.61
Payload M ass 84.6 52.67 64.39
Payload Ratio 0.604 0.376 0.459
W ith  the chosen m iss io n  assum ptions and fo r the s p e c ific  date and tim e o f  a rr iv a l, the parachute- 
based E D L S  is  the o n ly  system  capab le  o f  d e liv e rin g  this package w ith in  the m ass budget 
con strain s and w ith  som e room  to spare. T h e  H y p e rco n e  concept is cu rre n tly  b o rd e rlin e  and 
w o u ld  ce rta in ly  need greater characterisatio n due to the le ve l o f  m atu rity  o f  the technology. T h e  
in fla ta b le  co n fig u ra tio n  does not appear, as p re v io u s ly  thought, a co m p etitive  option fo r this 
p a rticu la r m issio n . It  has h o w e ve r som e d esirab le  features such as the h ig h e r altitude deceleration 
and lon ger descent that w il l  facilita te  E D L  co m m un icatio n  or atm ospheric experim ents sam pling. 
T h e  lo w e r heat rates exp e rien ced  b y  the IB D  ca n ce l the need fo r a b a ck sh e ll and im p ro ve  again 
com m un ication s lin k s  and access to the su rro u n d in g  environm ent. F in a lly ,  the altitude the lander 
can reach is d ra stic a lly  im p ro ve d  w ith  the use o f  an IB D  even w ith  the stringent atm osphere used 
here. A cco u n tin g  fo r a 1 0 %  m arg in  on the la n d in g  v e lo c ity  and targeting a m axim u m  im pact 
v e lo c ity  o f  1 8m /s, the IB D  in  this co n fig u ra tio n  can reach an altitude o f  1.2 k m  above the areoid 
w here the parachute system  is  con strain ed  to a m a x im u m  altitude o f - 0 .2  lan .
T h e  V a n g u a rd  m iss io n  is  a n e w  astro b io lo g y -fo cu sed  concept a im in g  at in ve stig a tin g  su rface and 
su b -su rfa ce  locations fo r traces o f  past or present life . In  its current co n fig u ra tio n  it 
accom m odates the E n d u ran ce  ro v e r and the 3 O rpheus m oles w ith  a total m ass o f  69.4 kg. T h e  
lo catio n  o f  the la n d in g  site on E ly s iu m  P la n itia  is  in  the reg io n d efin ed  b y  E S A  as a potential 
‘ fro zen sea’ and is  w e ll suited fo r the V a n g u a rd  m iss io n  both in  term  o f  p oten tia l sc ie n tific  return 
(w ater detection, traces o f  life )  and lan d in g  site characteristics (e leva tio n , slop es and terrain). T h e  
p rim a ry  E D L  system  cho sen fo r the m iss io n  is  based on a tw o-parachute co n figu ration . T h e  IB D
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co n fig u ra tio n  although interesting in  its o w n right, is not com petitive fo r this lan d in g  site and 
m issio n  constraints.
F ig u re  198- I llu stra tio n  o f  th e  V a n g u a rd  O p era tio n  on  th e  M artian  S u rfa c e
4.3 Mars Demo Lander / Mars Sample Return: Scalability issues
Future M a rs m issio n s such as the M a rs Sam ple R eturn (M S R ) m issio n  w ill  req uire  b ig  landers 
com pared to tod ay’ standards as w e ll as h ig h ly  p recise  lan d ing accuracy. T h is  third generation 
lander w ill  req uire  on-board autonom y to target sp e c ific  high altitude lan d in g  sites and avo id  local 
obstacles and hazards. T o  this end, a robust p ro p u lsio n  system  w ill  be req u ire d  to p ro vid e  accurate 
guidance, n avig atio n and con trol ( G N C )  ca p a b ilitie s. T o  investigate such a system , the European 
Space agency has been ca rry in g  out som e internal w o rk  at E S A /E S T E C  con current design fa c ility  
(C D F )  on a dem onstration m iss io n  ca lle d  M a rs D em o La n d er 2 [M e ssin a and V ennem ann 2 005]. 
T h is  3 5 0 -5 0 0  kg lander p e n cille d  fo r 2011 is  a im in g  at dem onstrating a num ber o f  entry, descent 
and lan d ing technologies, and in  p articu lar, safe pow ered descent and lan d in g  at M ars.
E a rly  2 005, the E uropean Space A g e n c y  (E S A )  started an effort to investigate the sc a la b ility  o f  
the p ro p u lsio n  system  from  this 3 5 0 -5 0 0  kg lander up to the size and m ass o f  the M a rs Sam ple 
R eturn concept ran g in g  from  1200 to 1900kg. T h is  section is the results o f  a study fo r the 
E u ropean Space A g e n c y  and S N E C M A  to help w ith  the s iz in g  o f  the M a rs Sam ple R eturn 
M is s io n  p ro p u lsio n  system  as w e ll as id e n tify in g  sca lin g  issues fo r future M a rs m ission s. T h is  
study perform ed by the author [A llo u is , Lap pas et al. 2006] under the su p e rv isio n  o f  D r  V a io s  
Lappas from  the S u rre y Space C entre  and the guidance o f  D r A d a m  B a k e r from  S S T L  w as 
sum m arised  as fo llo w :
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• V e rific a tio n  o f  M D L 2  p ro p u lsio n  d esign and engine selection through a 6D 0F  trajectory 
an a ly sis
• In vestigatio n o f  the sca lin g  from  M D L 2  d esign up to M S R  requirem ents
• D e fin itio n  o f  the p ro p u lsio n  requirem ents in terms o f  control torques, m ain thrust tim e 
histo ry  and propellant m ass to a c co m p lish  the M S R  m issio n
4.3.1 The candidate missions
T h e  M S R  concept [E S A  A ug ust 2 0 0 3] is based on a com b inatio n o f  a D escent M o d u le  (D M ), that 
p ro vid es the pow ered descent, and a M a rs  A sce n t V e h ic le  ( M A V )  designed to ta k e -o ff from  the 
surface once a sam ple has been retrieved. T h e  d esign o f  the craft is based on a b a llis t ic  entry, rig id  
heat shield, d isk-gap -b and  parachutes, and p ro p u lsiv e  descent w ith  high thrust engines and 
cru shable  lan d ing  legs. T h e  wet m ass at entry is estim ated at around 1900 kg and for the purpose 
o f  the study, m asses in  the range 12 0 0 -19 0 0  kg  have been be investigated.
F ig u re  199 - M S R  c o n fig u r a tio n  w ith  D M  an d  M A V
T h e  M a rs D em o L a n d er 2 m iss io n  ( M D L 2 )  h o w e ve r is  a im in g  at a 2 0 11 launch. A s  a M S R  
dem onstrator m issio n  it has been co n ce iv e d  to perform  in  s im ila r con d itio ns as M S R  w ith s im ila r 
technologies. In  p a rticu la r the m issio n  sh o u ld  ensure it meets all the fo llo w in g  sim ila rity  criteria  
show n T a b le  50:
T a b le  50  - M D L 2 /M S R  S im ila r ity  C r iter ia
E n try, D escent and L a n d in g  technologies
E n try  param eters
E n try  trajecto ry and loads
S im ila rity  C rite ria L a n d in g  requirem ents
E n try  total m ass such that technology scalin g -u p  is  p o ssib le  w ithout 
ham perin g va lid a tio n
E n try  strategy to obtain the m axim u m  data return
L e ad in g  to ...
E D L S  strategy R ig id  Heat S h ie ld  (V ik in g  shape, same T P S )
B a llis t ic  trajectory
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Parachute deceleration system  (sup e rso n ic dep lo ym ent)
L iq u id  p ro p u lsio n  system  fo r fin a l b raking
G N C  d u rin g  the p ro p u lsiv e  phase
F ig u re  200  - M ars D en io  L a n d er  2 C o n c e p ts  S h o w in g  C lo k w ise  th e  D e p lo y m e n t from  A ero sh e ll, 
L a n d in g  L egs d e p lo y e d , an d  D eta ils  o f  the  P re lim in a ry  T h r u ste r s  G eo m e tr y .
D ue to lau n cher constraints, entry v e lo c ity  m ight be s lig h tly  lo w e r (5 .3 4 k m /s, v. 5 .7 k m  fo r the 
M S R  Phase A l  studies and 6 .1km /s m o d elled  b y E S A ’ s C D F  [E S A  A u g u st 2 0 0 3 ] in  the w orst 
case. B y  red ucing  the b a llis t ic  co e ffic ie n t, the M D L 2  trajectory is  brought ve ry  clo se  to the M S R  
trajectory, w ith notably s im ila r acceleration le v e ls  and id en tical parachute o p enin g levels. F in a lly , 
the b aselines fo r the M D L 2  E D L  system  can be sum m arised as fo llo w  (T a b le  51:
T a b le  51 - M D L 2 E D L S  b a se lin es
En su re  safe lan d in g  at altitudes up to 2 0 0 0 m above M a rs  G e o id  (datum )
En su re  lan d ing  a c cu ra c y  w ith in  100km  (3cr) sem i-m ajo r a x is  e llip se________
M a x . v e rtica l touchdow n /  eng ine c u to ff v e lo city  2m /s______________________
B a se lin e s M a x . horizo ntal touchd ow n /  engine cu tof f  v e lo city  2m /s___________________
L a n d in g  load m ax. 6g fo r 50m s______________________________________________
Safe lan d ing  ca p a b ility  in  transverse w in d  co n d itio ns o f  30 m /s m axim um .
A  reference m ass o f  5 0 0 k g  w as selected, w ith the range 3 5 0 -5 0 0 k g  being 
_______________  investigated fo r the study.  ________
4.3.2 Dynamics and Mechanical Assumptions
T o  ensure cro ss-co rre latio n  betw een the M D L 2  and M S R  scenarios, a num ber o f  assum ptions 
have been used for both the M D L 2  and M S R  co n fig u ratio n s. The tim e lin e  and trajectory o f  the 
V ik in g  m issio n  has been con sidered  as a good starting point to understand the vario u s ch allenges
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o f  po w e re d  landing. It  is  com posed  o f  3 phases and starts ju s t  before parachute separation (as 
sh o w n  in  F ig u re  120, C hap ter 3 )  and sum m arise d  b e lo w  in  T a b le  52:
T a b le  5 2  -  M D L 2 /M S R  T e r m in a l D escen t P h a ses
Phase Tim e O peration
- T <0 sec Initial E ngine w arm  up w ith  or w ithout the aeroshell, open control loops.
P I
T =0sec Parachute release, engine w arm up to T/W <1 to ensure parachute clearance,
for 5 sec closing  the  control loops, tip up m aneuvre to in itiate  gravity  turn @ 80m /s.
P2 T>5 sec
A eroballistic  angle alpha and  beta angle to 0 (angle o f  attack & sideslip), gravity 
turn. T /W  >1
P3
T =Im pact -5  
to 8 sec
C onstant velocity descent to touchdow n @ 2.4 m/s , T /W = l
T h e  first two phases area assum ed to be p o w e re d  b y  a constant thrust before c lo sin g  the P W M  
co n tro lle r loop fo r the fin a l co n stan t-ve lo city  p hase at 2.4 m /s. T h e  P W M  w ill  then operate at a 
m a x im u m  duty c y c le  o f  80 %  and the attitude con trol w il l  be perform ed  b y  4 clu sters o f  thrusters 
in  an e ffo rt to ensure s c a la b ility  w ith  the M S R  co n figu ration . T h e  A C S  w il l  ensure the incid e nce  
angles are w ith in  the attitude e rror m argins 5se c after c lo sin g  the loo p to p e rfo rm  the g ra v ity  turn 
and ensure that the lan d er is  le ve le d  fo r touchdow n. T h e  p h y sic a l and g eom etric properties o f  the 
tw o b aselin e d  co n fig u ra tio n s ca n  be fou nd  in  the fo llo w in g  T ab le  5 3. T h e  inertia m atrix  w il l  be 
scaled  as the m ass o f  the co n fig u ra tio n  increases.
T a b le  5 3 -  M a rs L a n d ers  B a se lin ed  P h y s ica l P r o p e r tie s
M D L2 350 M SR  1200
Inertia M atrix
ACS H orizontal arm  
ACS V ertical arm
[148.47 0 0;0 150.59 0; 0 0 
81.71]
0.7m
0.2m
[786.45 0 0;0 775.36 0; 0 0 812.60]
1.435m
0.75m
4.3.3 The MDL2 mission -  Propulsion System Requirements
T h e  sim ula tio n s are in itia lis e d  so that at t=0, V = 8 2  m /s, flig h t path angle = -8 2 .5  deg, h = 2 0 0 0  m  
A G L  or 4 0 0 0  m  above the geoid. T h e  fo llo w in g  T a b le  54 show  the average s p e c ific  thrust le ve l 
re q u ire d  fo r each o f  the 3 descent phases against the m ass o f  the lander. R e c a llin g  the three phases 
as b ein g  thrusters w arm -u p , g ra v ity  turn and constant v e lo c ity  term inal descent, the m ain  
deceleratio n thrust le v e ls  behave as expected quite lin e a rly  o ver the range o f  D M  m asses from  the 
3 5 0  k g  to 500 k g  as sh o w n b e lo w  in  T a b le  54.
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C o n fig . M ass
IWol
S p ec if ic  V er tica l T h r u st  L evel 
R eq u ired
T e rm in a l V e lo c ity  
[m /s )
T /W  ratio  
at end  o f  p h ase
l*VgI
P I P2 P3 PI P2 P3 P I P2 P3
M DL-350-1 350 750 2175 1600 87.55 3 2.45 0.58 1.85 1.38
M DL-400-1 400 820 2574 1700 90 2.2 2.5 0.55 1.92 1.28
M DL-450-1 450 897 2976 1900 91.8 2.3 2.45 0.54 1.97 1.28
M DL-500-1 500 983 3258 2100 93.2 2.3 2.45 0.53 2.01 1.28
T a b le  54  - M D L  T e r m in a l D escen t T h ru st levels
F ig u re  201 illustrates the typ ica l thrust le vel p ro file  d urin g  the P W M -co n tro lle d  con stan t-velo city  
term inal descent. T h e  term inal descent e xh ib its  p u lses o f  about 80m s fo r a 1 0 H z system , leading 
to a duty c y c le  o f  80% . T h e  thrust le ve ls  here are g ive n  as sp e cific  thrust le v e ls  req uired  to 
decelerate the lander d ow n to the prescrib e d  lan d in g  v e lo city. D epen d ing on the p ro p u lsio n  stage 
co n fig u ra tio n  this thrust w ill  be d iv id e d  b y  the num ber o f  m ain deceleration thrusters. T he 
thrusters n o m in al thrust is  then deduced b y  taking into account the angle the thrust vector m akes 
w ith  the lan d er base ve rtical.
M IL 2 500 k g  
T m s t t «vels in X.uds
3500 -------------------------------------------------------------------
1500
1000
500
F ig u re  201 - L eft, T y p ica l th r u s t  level h isto ry . R ig h t, C lo se -u p  o f  th e  P W M  co n tro lled  term in a l
d esc en t.
T h e  propellant m ass req uired  to decelerate the lan d er dow n to the required 2.4 m /s for touchdow n 
is presented in T a b le  55. N ote that no optim isatio n has been perform ed d u rin g  the descent to 
m in im ise  the fuel consum ption.
T a b le  55  -  M D L 2: C u m u la te d  P ro p e lla n t L evels d u r in g  T e r m in a l D escen t
C o n fig u ra tio n  M a ss — — ------ P roP^ )i4 nt [kg] ------
Phase 1 Phase2 Phase3
M D L -3 5 0 -1 3 5 0 3 35 38.9
M D L -4 0 0 -1 400 3 .2 7 3 9 .78 44.92
M D L -4 5 0 -1 4 50 3.5 8 4 4 .3 7 5 0 .7 6
M D L -5 0 0 -1 500 3.92 4 9 .6 7 5 6 .38
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T h e  A C S  thrusters have been sized  from  the E S A  C D F  [E S A  2004] b aseline o f  20N  thrust for 
each o f  the 4 clu sters on the base o f  the lander. T o  investigate the e ffic ie n c y  o f  the A C S , a 
disturbance torque is introduced to evaluate the response o f  the A C S . D u rin g  the m issio n , these 
d isturbances w il l  be m a in ly  o f  aerod yn am ic o rig in  to a lig n  the lander on the g ra v ity  turn as w e ll 
as w in d  gusts. A  w orst-case w in d  disturb ance scen ario  has been evaluated and pro vid ed  
d isturbances torques less than the torque req u ired  to in itia lise  the g ra vity  turn. T h is  g ravity-tu m  
torque has been evaluated fo r the M D L 2  C D F  as 2.8N tn as show n T a b le  56, and is therefore, the 
m axim u m  torque the system  w ill  need to prod uce to fo llo w  the prescribed  trajectory.
T a b le  56  M D L 2 to r q u e  fo r  g ra v ity  turn  in itia lisa tio n
C o rre c tio n  T o rq u e 1.4 [N m ]
O ffset T o rq u e 0.9 [N m ]
M isa lig n m e n t T o rq u e 0.9 [N m ]
T o tal T o rq u e 2.8 [N m ]
S im u latio n s start at t =  -2 .5  sec w ith  an open loop system , a  is left to d rift until t=0 w hen the A C S  
loops close. F o r the purpose o f  testing the A C S , a 2.8 N m  torque is ap p lie d  fo r 5 seconds at 
t=20sec. U n der su ch a d isturbance, the a  angle increases to g ive  an open loop an g ular d eflection 
o f  13.2 6  degrees. In  clo se d -lo o p  co n fig u ra tio n , the A C S  con trols the angle w e ll w ith in  the 2 
degrees attitude e rror req uired  fo r the landing. T h e  fo llo w in g  F ig u re  202 show s the p ro file  o f  
alpha against tim e fo r the va rio u s  A C S  actuation schem es: P W M  at 5 0 %  and 80 %  duty c y c le  
( D C )  and the A C S  reference.
a)
b)
c)
d)
i
| 1  | ----------Disturbance Torque |
1 1
:
1 i ............! . .
20 25
P W M  (b , c)
Figure 202 - M DL2 350kg, A lpha Profile with D isturbance (d), w ithout PW M  AC S (a) and with
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. F ig u re  203 illu strates the torque im p u lse s prod uced  b y  the thrusters for the v a rio u s A C S  
schem es. T he reference torque represents the id eal reaction torque generated from  an ideal A C S  
and e xh ib its as expected a torque opposite to the disturbance torque. In  contrast, the P W M  
co n tro lle r produces trains o f  fix e d  thrust p u lses resu ltin g  in im pulse bits that prod uce a reaction 
torque.The torque p roduced b y  the A C S  to com pensate for the disturbance torque is found for 
each A C S  actuation schem e in  F ig u re  - 204. It has to be noted that w h ile  the com m and sig nal 
benefits from  som e filte rin g  to avo id  ch irp in g  o f  the signal, enhanced filte rin g  w as out o f  the 
scope fo r this study. T h is  resulted in p arasitic  thrusting com m ands that w ere con sidered  to have 
no detrim ental effects on the results
MDL2 350 kg Torque Produced
0 5 10 15 20 25 X  35 40 45
T lm e.s
F ig u re  203 - T o r q u e  Im p u lses P ro d u c ed  by th e  A C S  fir in g  fo r  the  P W M  50 %  c o n fig u r a tio n  (P W M
8 0 %  id en tica l)
MDL2 350 kg - Torque Command Profiles
Time.s Time.s
Tim e.s Tim e.s
F ig u re  - 204  M D L 2 35 0  k g , T o r q u e  C o m m a n d s an d  a p p lied  d istu r b a n c e
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4.3.4 The MSR Mission -  Propulsion System Requirements
S im ila rly  to the M D L 2  concept, the M a rs  Sam ple R etu rn  concept is  im plem ented w ith  the 6D 0F  
m odel and the data extracted from  the E S A  C D F  M a rs  Sam ple R e tu rn  study. T w o  scen arios are 
co n sidered  to investigate the d eceleratio n thrusts requirem ents: a scale d  M D L 2  scen ario  w ith  
in itia l co n d itio n  s im ila r  to M D L 2  but p h y sic a l properties o f  the M S R , and a fu ll M S R  scen ario  
w ith  the M S R  p h y s ic a l m odel and in itia l co n d itio n s. F o r  the purpo se o f  the s im u la tio n s the 
fo llo w in g  inertia properties h ave been assum ed, scale d  from  the inertia m a trix  o f  the M S R  1200 
co n fig u ra tio n  and scale d  w ith  the m ass (T a b le  5 7 ). T h e  in it ia l co n d itio ns fo r both sim ulatio ns are 
presented in  T a b le  58.
T a b le  5 7  - M S R  In er tia  P r o p er tie s T a b le  5 8  - M S R  in itia l C o n d itio n s
M SR 1XX 1YY IZZ
[ICg.m2] [K g.m 2] TKg.m2l
1200 786.50 775.50 812.60
1400 917.58 904.75 948.03
1500 983.12 969.37 1015.75
1600 1048.66 1034.00 1083.46
1800 1179.75 1163.25 1218.90
1900 1245.29 1227.87 1286.61
M D L Scaled M SR
T im e start Is] 0 0
V elocity [m/s] 80 66
A ltitude [ml 4000 3000
H eight M 2000 1000
Flight Path [deg] -82.5 -82.5
F o r  both co n fig u ra tio n s, the thru sters’ s p e c ific  im p u lse  is  assum ed to be 205s as p e r V ik in g  specs. 
T h e  m in im u m  thrust req u ire d  to lan d  the D e scen t M o d u le  (D M ) at a v e lo c ity  o f  about 2.4 m /s has 
been evaluated fo r a ll m ass cases, and in  an attempt to p ro v id e  n o n -co n fig u ra tio n  s p e c ific  results, 
this thrust represents the s p e c ific  thrust that has to be prod uced  in  the v e rtica l a x is  o f  the lander: it 
does not take in  co n sid e ratio n  the an gle  at w h ic h  the thrusters m ay be canted. T h e  fo llo w in g  T a b le  
59 co m p ile s the thrust le v e ls  against the m asses o f  the D M s  fo r the scale d  M D L  scen arios, and 
show s that the thrust le v e ls  b ehave ag a in  quite lin e a rly  o ve r the range o f  D M  m asses from  the 
120 0 k g  to 1900 kg  as sh o w n in  T a b le  60.
T a b le  59  - S c a le d -M D L  sc en a r io  T h r u s t  levels
C onfiguration M ass Specific V ertical T hrust Level 
R equired [N]
T erm inal V elocity 
[m/s]
T/W  ratio
L1VSJ PI P2 P3 P I P2 P3 PI P2 P3
M SR-1200-1 1200 2400 8065 5200 92 2.3 2.45 0.54 2 1.31
M SR-1400-1 1400 2800 9463 6000 92.2 2.3 2.45 0.542 2.01 1.3
M SR-1600-1 1600 3300 10884 6900 92.5 2.4 2.45 0.56 2.03 1.3
M SR -1800-1 1800 3900 12137 7900 91.6 2.3 2.45 0.58 2.01 1.33
M SR-1900-1 1900 4250 12620 8450 90.3 2.5 2.45 0.6 1.98 1.35
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T a b le  60  - S c a le d -M D L  P r o p e lla n t  L ev e ls  d u r in g  te r m in a l D e sc e n t
C onfiguration M ass Propellant [Kgl
[K g] P I P2 P3
M S R -1200-1 1200 9.58 119.53 136.27
M SR-1400-1 1400 11.2 139.9 159.01
M SR-1600-1 1600 13.2 159.65 181.93
M SR-1800-1 1800 15.6 180 206.05
M SR-1900-1 1900 16.9 193.04 218.6
F o r  the M S R  S cenario , a total o f  3 representatives cases h ave been p e rform e d  w ith m asses o f  
1200, 1500 and 1900 kg. W ith  the v e ry  lo w  in it ia l altitude fo r the thrusting phase, no p ro v is io n  
fo r a w arm -up  phase w as p o ssib le, le ad in g  d ire ctly  to phase 2 and 3: the m a in  deceleratio n and the 
constant v e lo c ity  descent
T a b le  61 -  M S R  sc e n a r io  th r u s t  levels
C onfiguration M ass Specific T hrust 
R equired [N]
T erm inal V elocity 
[m /sl
T /W  ratio Propellant
[Kg]
LlvsJ
P2 P3 P2 P3 P2 P3 P2 P3
M S R -1200-2 1200 6917 5200 2.1 2.45 1.69 1.28 100.77 181.45
MS R -l 500-2 1500 8670 6500 3.2 2.45 1.69 1.28 122.91 140.78
M SR -1900-2 1900 11010 8450 3.2 2.45 1.65 1.31 156.87 115.59
O ne can observe that the thrust requirem ents are lo w e r than the p re v io u s M D L 2 -s c a le d  scen ario  
fo r phase 2, the d riv e r b ein g  the lo w e r in itia l v e lo c ity  and not the shorter deceleration course. 
Phase 3 ho w e ve r rem ain s v e ry  s im ila r  b ecause this thrust is  o n ly  b a la n cin g  the w e ig h t o f  the 
lan d er on the fin a l constant v e lo c ity  descent. T h e  p ro p ellan t usage sh o w n  in  fig u re  4 .1 0  reflects 
this v a ria tio n  w ith  a sa v in g  o f  about 2 0 %  o f  the p ro p ellan t m ass allocated  to the term inal descent.
T o  size  the attitude con trol system , no s p e c ific  data on disturbances w ere a v a ila b le  to size  the 
m a x im u m  torque the system  has to deal w ith. F o r  the p u ip o se  o f  testing the con trol loo ps, the 
disturbance has been size d  fro m  the M D L 2  scen ario , accounting fo r the grow th o f  m ass and 
inertia valu e s. T h e  s im u la tio n  starts at t=0 w here the loo ps close. A  disturbance torque o f  15 N m  
is  ap p lie d  fo r 5 seconds at t= 1 0  seconds in  the sim u latio n. T he op en-loop response o f  the system  
to the perturbation prod uces a 13.2 2 d eg  rotation on alpha. A s  show n in  the fo llo w in g  F ig u re  2 05, 
the angle is w e ll con strain ed  w ith in  the attitude e rror in  a ll cases. T h e  ad d ition o f  a P W M  
co n tro lle r introduces a d am ping effect in  the system  e sp e cia lly  w ith  h ig h  lan d er m ass. T h e  
v a ria tio n  on alpha fro m  around t= 2 5 -3 0  seconds u n til the end o f  the s im u la tio n  is  o cc u rrin g  d u rin g  
the co n stan t-ve lo city  term inal descent as the h o rizo n tal v e lo c ity  com ponent is  o sc illa tin g  betw een 
+ -  O.O lm /s w h ile  the lan d er is v e rtica l. F u rth e r in ve stig a tio n  in  the matter revealed  that this 
o sc illa tio n  is  stable w ith  a fre q u en cy  o f  about 0.2 H ertz  o v e r the w h o le  co n stan t-ve lo city  descent 
w ith  a stronger occurren ce  w ith  co n fig u ra tio n s w ith  h ig h  m asses. F ig u re  206  sum m arises the
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torque com m and and the torque produced b y the A C S  thrusters. F ro m  the alpha and torque 
fig ures, the ch o ice  for the 4 0 N  thrusters is  found to be adequate to keep the angle w ith in  the 
required  attitude e rror o f  2 degrees at touchdow n.
a)
b)
c)
d)
MSR 1200kg 
Alpha Profiles and Disturbance Torque
MSR 1900kg 
Alpha Profiles and Disturbance Torque
0 5 10 15 20 25 30 36 5 10 15 20 25 X  35
| -------- Disturbance Torque |.
......... I ........
0 5 10 16 20 25 X  35
Tim e.s
............ ............................. 1 -----------D isturbance Torque
0 5 10 15 20 25 X  X
Time.s
F ig u re  205  -  M S R  S cen a r io  - M S R  1200k g  an d  1900 k g  A lp h a  P rofile  w ith  D istu rb a n ce  (d ), w ith o u t
P W M  A C S  (a) an d  w ith  P W M  (b , c)
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F ig u re  206  -  M S R  S cen a r io  - A C S  T o r q u e  C o m m a n d s  ( le ft) an d  T o r q u e  P ro d u c ed  (r ig h t)  fo r  the
M S R  1200k g  C o n fig u ra tio n
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4.3.5 Propulsion System Scaling Issues
R e c a llin g  the purpose o f  this study to investigate the sca la b ility  o f  the p ro p u lsio n  system  o f  a 
pow ered m ars lander across a w id e  range o f  m asses, the sim u la tio n  o f  both the M D L 2 , M D L 2 -  
scaled  and M S R  co n fig u ra tio n s have p ro vid e d  a substantial am ount o f  data from  w h ich  it is 
p o ssib le  to d erive a num ber o f  o b servation s regard ing the deceleration thrust and A C S  
requirem ents.
A s  expected, the M D L 2  and M D L 2 -s c a le d  thrust le v e ls  behave lin e a rly  o v e r the m ass range. T he 
release o f  the parachute system  has a s ig n ifica n t im pact on the thrust le v e ls  o f  phase 2: by 
red ucing  the v e lo c ity  b y  around 20 m /s and the in itia l thrusting height b y 1000m , the thrust le vels 
for Phase 2 have decreased b y about 15 %  w h ich  in  turn reduces the prop ellant consum ption by 
2 0% . T h e  thrust in  Phase 3 p ro v id e s a thrust-to-w eight ratio o f  around 1.3 for a ll co n fig u ra tio n s to 
ach ieve  a constant descent v e lo c ity  o f  about 2.4m /s. T h e  resulting thrust le v e l cu rve s are therefore 
superim posed for the M D L 2 , M D L 2 -s c a le d  and M S R  con figuration s. T h is  thrust le vel can then be 
d iv id e d  into the num ber o f  clu sters (3  o r 4 ) and subsequently by the m axim um  thrust le vel the 
engine can prod uce to estim ate the req uired  num ber o f  engines b y d iv id in g  the necessary thrust by 
the engine unit thrust (F ig u re  2 0 7). F ig u re  208 also  show s that i f  the p ro p ellant budget o f  M S R  is 
assum ed to be 180kg as per in itia l requirem ents, o n ly  D M  m asses up to 1800 kg  can p ro vid e  
p o sitive  m argin at the end o f  the lan d in g  sequence. U n le ss the propellant budget is  increased, the 
1900kg lander is not feasible.
Terminal Descent Propellant Mass Vs Lander Mass
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F igu re 207  - S u m m a ry  o f  th r u st  lev e ls  a g a in st  F igu re 20 8  - S u m m a ry  o f  p ro p e lla n t
d e sc e n t  m o d u le  m ass req u irem en ts  a g a in st  D M  m ass
T o  facilitate  the sca lin g  o f  the system , it is  assum ed that both the M D L 2  and M S R  co n fig uratio n 
w ill  use the sam e 4 0 0 N  thrusters E A D S  C H T  4 00 (F ig u re  209 ) but used at a lo w e r thrust le vel in 
the case o f  the M D L 2 . S im ila rly , the A C S  system  has been studied w ith  sc a la b ility  issues in m ind. 
T o  this end the sam e A C S  co n fig u ra tio n  has been chosen across the va rio u s  co n fig u ra tio n s w ith  4 
thrusters or cluster o f  thrusters in a cross co n fig u ra tio n  on the base o f  the lander and w ith  same
197
Chapter 4. EDLS Case Studies
control bandw idth. F ro m  the study, it em erges that the control system  is robust enough to 
accom m odate the in cre asin g  m ass b y p ro v id in g  a tracking  o f  the angles w ith in  the m argins o f  two 
degrees from  ve rtical at lan d in g  (0.5  degrees m ax). In cre asin g  the response tim e and accu racy  o f  
the A C S  loop increases the ch irp in g  in  the thrusting sig n al, resultin g  in  turnin g the thrusters O N  
m ore often and subsequently in cre asin g  the prop ellant requirem ents. T h e  study co n firm e d  the 
in itia l assum ptions that an A C S  system  based on fo u r 20 N  thrusters E A D S  C H T  20 (F ig u re  2 10 ) 
for the M D L 2  and 4 0 N  thrusters (o r 2 x 2 0 N ) fo r the M S R -S c a le d  and M S R  scen arios p ro vid e  
enough torque to com pensate fo r a disturb ance torque o f  2.8 N m  and 15N m  re sp e ctiv e ly  assum ed 
to be the w orst case scen ario  fo r the term inal descent. But it is  also  w orth noting that, id e a lly , a 
system  u sin g  3 0 N  thrusters w o u ld  also  be a v ia b le  option i f  the m issio n  requirem ents a llo w s fo r 
the A C S  settling time to increase.
F igu re 209  -  E A D S  C H T  4 0 0  T h r u s te r  S h o w in g  F igu re 210- E A D S  C H T  20 T h r u ste r
a C a n ted  C o n fig u r a tio n  o f  a b o u t 20  D eg rees  
F rom  V ertica l
A  control bandw idth o f  10 H z has been chosen fo r the system . T h is  freq uen cy has p roven to be 
adequate and is alread y com p atib le  w ith  e xistin g  technology. T he im plem entation o f  v ario u s 
P W M  duty c y c le  show ed that both duty c y c le  p ro v id e  a good tracking o f  the lander attitude and 
lim its the attitude e rror to w ith in  h a lf  o f  a degree, w e ll w ith in  the 2 degrees from  v e rtica l allow ed . 
F u rth er investigatio n should  concentrate on the trade between the propellant m ass gained against 
the attitude error. F in a lly , as m entioned e arlier, the study focused p rim a rily  on the gu id ance and 
control, but not on the n a vig atio n  that m ay in c lu d e s lan d ing  d ispe rsio n  an alyses or obstacles 
avo idance, issues w h ich  sh o u ld  c le a rly  req uire  investigatio n as their im pact on the A C S  and m ass 
budget d esign o f  the M D L  and e sp e cia lly  M S R  w ill  s ig n ifica n tly  im pact the G N C  design.
T h e  o ve ra ll m ass budget fo r the p ro p u lsio n  system  is sum m arised b elo w  in T a b le  62 and T ab le  63 
fo r both a 3 and 4 clusters co n fig u ra tio n s assu m in g the use o f  the thrusters id en tifie d  above and 
accou nting  fo r the canted thrust prod uced  b y the C H T  400.
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T a b le  62  - P r o p u ls io n  S ca lin g  for  a 3 -c lu ste r s  c o n fig u r a tio n
Run
M ass
Propellant 
M ass +  20%  
m argin
M ass
T anks
N b
thrusters
per
cluster
M ass
thrusters
M ass ACS 
Inc. 10kg M ass w et 
propellan t
M ass
ratio
Scenario [kg] [kg] [kg] [kg] [kg] [kg]
M D L-350-1 M DL 350 46.68 8.71 2 16.20 12.40 83.99 0.240
M D L-400-1 M D L 400 53.90 9.64 2 16.20 12.40 92.15 0.230
M DL-450-1 M DL 450 60.91 10.55 3 24.30 12.40 108.16 0.240
M DL-500-1 M DL 500 67.66 11.42 3 24.30 12.40 115.77 0.232
M S R -1200-1 M D L-sc 1200 163.52 23.77 7 56.70 14.80 258.80 0.216
M SR-1400-1 M D L-sc 1400 190.81 27.29 8 64.80 14.80 297.70 0.213
M S R -1600-1 M D L-sc 1600 218.32 30.84 10 81.00 14.80 344.95 0.216
M SR-1800-1 M D L-sc 1800 247.26 34.57 11 89.10 14.80 385.73 0.214
M SR-1900-1 M D L-sc 1900 262.32 36.51 11 89.10 14.80 402.73 0.212
M SR -1200-2 M SR 1200 138.71 20.58 6 48.60 14.80 222.68 0.186
M SR -1500-2 M SR 1500 168.94 24.47 9 72.90 14.80 281.11 0.187
M S R -1900-2 M SR 1900 217.74 30.76 12 97.20 14.80 360.50 0.190
T a b le  63 - P r o p u ls io n  S c a lin g  fo r  a 4 -c lu sters  co n fig u r a tio n
M ass
Propellant 
M ass +  20%  
m argin
M ass
Tanks
Nb
thrusters
per
cluster
M ass
thrusters
M ass ACS 
inc 10kg 
propellant
W et
M ass
M ass
ratio
Run Scenario [kg] [kg] [kg] [kg] [kg] [kg]
M DL-350-1 M D L 350 46.68 8.71 1 10.8 12.4 78.59 0.225
M DL-400-1 M D L 400 53.9 9.64 2 21.6 12.4 97.55 0.244
M DL-450-1 M DL 450 60.91 10.55 2 21.6 12.4 105.46 0.234
M DL-500-1 M DL 500 67.66 11.42 2 21.6 12.4 113.07 0.226
M SR-1200-1 M D L-sc 1200 163.52 23.77 5 54 14.8 256.10 0.213
M SR-1400-1 M D L-dc 1400 190.81 27.29 6 64.8 14.8 297.70 0.213
M SR-1600-1 M D L-sc 1600 218.32 30.84 7 75.6 14.8 339.55 0.212
M SR-1800-1 M D L-sc 1800 247.26 34.57 8 86.4 14.8 383.03 0.213
M SR-1900-1 M D L-sc 1900 262.32 36.51 8 86.4 14.8 400.03 0.211
M SR -1200-2 M SR 1200 138.71 20.58 5 43.2 14.8 228.08 0.190
M S R -15 00-2 M SR 1500 168.94 24.47 7 75.6 14.8 283.81 0.189
M SR -1900-2 M SR 1900 217.74 30.76 9 86.4 14.8 360.50 0.190
T h e  re su ltin g  lan d er to p ro p u lsio n  system  m ass ratio is  sum m arised b e lo w  in  F ig u re  2 1 1 . T h e  
change in  co n fig u ra tio n  affects s ig n ific a n tly  the lo w  m ass landers. A s  the thrust le v e l per cluste r 
increases it reaches a threshold ab ove w h ic h  an ad d itional thruster is  req uired . H en ce , the 
ad d itio n a l m ass has a greater im pact o n the m ass ratio than w ith  the h e avie r landers.
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F ig u re  211 -  P ro p u ls io n  S ca lin g  -  P ro p u ls io n  S y stem s M ass R atio
L a n d in g  on any planet has been and w il l  a lw a y s be a r is k y  phase in  planetary explo ratio n. 
S c a la b ility  and s im ila rity  a llo w  designers and m issio n  analysts to take m easured step to lim it and 
decrease the o ve ra ll r is k  attached to the m iss io n  b y d ep lo yin g  sm a lle r m issio n s to dem onstrate 
sp e cific  technologies. Pow ered descent and lan d in g  are such technologies and k eys to the success 
o f  future planetary e xplo ratio n. T h is  study set out to investigate the recip ro ca l sc a la b ility  o f  a 
sm all dem onstration lander M D L 2  up to the size  required to perform  m ore co m p le x and 
ch a lle n g in g  w o rk su ch as the E S A  M a rs  Sam ple R eturn concept. A  6D 0F  m odel has been 
develop ed  to sim ulate the term inal descent and lan d in g  o f  the v e h ic le  and investigate the effects 
o f  the m ass o f  the descent m odule on the thrust req u ired  for the m ain deceleration and the attitude 
con trol system . A  p u lse -w id th  m od ulation actuation schem e has been chosen for both the constant 
v e lo c ity  term inal descent and the attitude con trol system . T he study show s that it is  a v ia b le  
option from  a d yn am ic point o f  v ie w  and co n firm s that the chosen control b andw idth and A C S  
thrusters selected p ro vid e  adequate attitude control. Som e o f  the o sc illa to ry  b ehaviou rs o f  the 
lander d u rin g the constant v e lo city  descent have been characterized, and found not to be critica l 
w ith the current lan d ing assum ptions. T h e  current efforts on the M a rs Scout P h o en ix  m issio n  aim  
at reu sin g  the kn o w led g e  d eveloped  fo r the fa ile d  M ars P o lar L a n d er in P W M -co n tro lle d  
p ro p u lsio n  system s and further the und erstand ing o f  su ch system . F ro m  w ater ham m er effects 
m o d e llin g  to system  resonance, this m issio n  w ill  ce rta in ly  p ro vid e  a num ber o f  key info rm ation 
that w ill undoubtedly benefits the d esign o f  future m issio n s such as M D L 2  and M S R .
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Chapter 5
Spatial and Atmospheric Influences 
on the Design of EDL Systems
T h e  v a lid a tio n  o f  the fra m e w o rk in  chapter 3 and the case studies o f  the chapter 4 have sh o w n  that 
the in flu e n ce  o f  the atm osphere properties is  s ig n ifica n t. R ece n tly , this has been em phasised b y  
the loss o f  the B e ag le 2  m iss io n  that lan d ed  after a lo c a lise d  dust storm , re su ltin g  p o s s ib ly  in  a 
th inn er atm osphere in  the lo w e r altitude and a subsequent lo ss o f  drag. B o th  the M E R  m issio n s 
have been g reatly  helped b y  updated atm o sp h eric readings p rio r to entry, le ad in g  to a 
m o d ifica tio n  o f  the parachute release param eters on both spacecraft. In  this chapter, w e w il l  be 
assessing  the im pact o f  a n u m ber o f  e n vironm en tal param eters on the d esig n  o f  ty p ica l E D L  su b ­
system s su ch as the lo catio n  o f  the lan d in g  site and the atm ospheric co n d itio ns at tim e o f  entry.
5.1 Spatial factors
D e c id in g  on the lo ca tio n  o f  the la n d in g  site is  a co m p le x  tra d e -o ff betw een engineerin g and 
sc ie n tific  constraints. W h ile  care m ust be taken to ensure the s u rv iv a b ility  o f  the craft and 
m in im ise  potential hazards su ch  as slope, ro ck s  o r w in d s, the site m ust be s c ie n tific a lly  
interesting. In  m ost cases, these tw o po in ts o f  v ie w  m ay be rather con trad icto ry  and trade-offs are 
inevitab le. W e  w il l  be d iscu ssin g  here the m ain  spatial engineering constraints that m ust be 
addressed - altitude and lo catio n  - as w e ll as their im p lica tio n s on the system s o f  the lander. 
Subsequently, the in flu e n ce  on these param eters on the E D L S  w ill  be investigated  to propose a 
c la ss ific a tio n  o f  the terrain  b y  a c c e s s ib ility  fo r ty p ica l lander con figu ration s.
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5.1.1 Missions Engineering Constraints
T h e  sites targeted by the m ost recent m issio n s are co m p ile d  in  the fo llo w in g  T a b le  64 belo w . T he 
data show s a m arked trend in targeting lan d ing sites around the equator and at a re la tiv e ly  low  
altitude w ith  respect to the areoid.
T a b le  64  - M ars M iss io n s  L a n d in g  S ites
Nam e Location M ission A ltitude from  M O LA Areoid
C hryse Planitia 22.48° N, 49.97° W V iking 1 -3400m
U topia Planitia 47.97° N, 225.74 W V iking 2 -3000m
Ares Vallis 19.33 N, 33.55 W M ars Pathfinder -3500m
South Pole 76.13° S, 164.66° E M ars Polar Lander +2400m
South Pole -75.10° S. 163,65° E Deep Space 2 Probes +2300m
Isidis Planitia 1 1.6°N, 90.5°E Beagle2 -3700m
M eridiani Planum 1.98°S, 5.94°W M ER”O pportunity” -1300m
G usev C rater 14.59°S, 175.3°E M ER '’Spirit” -1900m
R e c a llin g  the topography o f  the planet show n F ig u re  2 12 , the reasons b ehind this selection 
becom e apparent: M a rs  show s a strik in g  d u p lic ity  from  the h e a v ily  cratered hig h la n d s o f  the south 
hem isphere to the lo w -le v e ls  northern p la in s. O ne can see that m ost o f  these m issio n s have 
targeted lo w -le v e l p la in s o r craters, either around the equator o r on the northern hem isphere. O n ly  
the M a rs P o lar L a n d er and the Deep Space 2 Probe targeted lan d ing sites ab ove the areoid.
180 240  3 0 0  O' 6 0  1 20  1 8 0 “
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F ig u re  212 -  M O L A  T o p o g r a p h y  M ap  sh o w in g  th e  cra tered  h ig h la n d s (red , so u th ) an d  th e  lo w -lev e l
p la in s (b lu e , n o rth )
T h is  spatial d istrib u tio n o f  the m issio n s can be e xp la in e d  by a num ber o f  engineerin g  factors. T he 
two m ain attributes o f  M a rs in  this matter are its oblateness and the thin d en sity  o f  its atm osphere. 
A ro u n d  the equator, the atm osphere is  at its thickest, fa cilita tin g  the deceleratio n operations o f  the
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landers. T h e  lo w e r the altitude o f  the lan d in g  site the greater the atm osphere to s lo w  the probe 
dow n. H ence a lo w  site c lo se  to the equator is ideal. A s  the latitude increases, new  challenges 
emerge. F o llo w in g  the oblateness o f  the planet, the atm osphere is b eco m in g thinner, rendering the 
E D L  phase reliant on ad d itional decelerators such as bigger parachutes and then p ro p u lsio n  
system : both the high-latitud e m issio n s V ik in g  and P o lar L and er used p ro p u lsio n  in ad d ition to 
their parachute system . In  contrast, penetrators w ith  their rugged co n structio n do not need greater 
deceleration, but a c a re fu lly  designed entry trajectory to achieve the req uired  im pact v e lo city. In  
ad d ition to these atm ospheric issu es, the lan d er m ay start to face pow er issu es as it m oves tow ards 
the poles: as the ground cu rve s tow ard the poles, the incident so lar rays strike the so lar arrays at a 
sh a llo w e r angle red u cing  the p o w e r transm itted to the array. M e d iu m  to hig h  latitude crafts have 
to either accom m odate b ig g er so la r arrays lik e  the 2.9m 2 array on P o lar L and er, use ve rtical arrays 
as d iscussed  b y L a n d is  et al [L a n d is, K e rs la k e  et al. 2004], or use a R ad io iso to p e  T h e rm al 
G enerator ( R T G )  lik e  the V ik in g  m issio n s. T h e  insolation o f  the lan d ing  site is therefore o f  
im portance. B ut assu m in g  po w e r is  no object and that the sc ie n tific  co m m un ity  need to reach any 
location on the planet, it is  necessary to understand how  the location im pacts the E D L  system s 
and what fraction o f  the in itia l m ass is left for the payload.
5.1.2 Influence of the Landing Site Altitude on the EDLS
T h e  d esign and siz in g  o f  the E D L S  sub system s w ill  be investigated here for a num ber o f  typ ica l 
m issio n s and lan d ing sites v a ry in g  in  altitude. T o  facilitate com p arison, a ll the m issio n s w ill  be 
initiated from  the sam e in itia l con d itio n. A s  stated fo r the case studies in  chapter 4, an out-of-orbit 
entry from  a V ik in g  orbit w ith  an entry speed o f  4 6 00 m /s has been chosen in contrast to the direct 
entries o f  m ost o f  the recent m issio n s. T h e  n o m in al atm ospheric m odel w ill  be taken at the end o f  
sp rin g  at the sum m er solstice. T h is  p e rio d  has a S o la r Longitude (L S )  o f  90 degrees and is  show n 
to the right in F ig u re  2 13 .
F ig u re  213  -  M ars S ea so n a l D ia g ra m  w ith  C o r r e sp o n d in g  S o la r  L o n g itu d e s  [L M D /C N R S  20061
T h is  season has been chosen as it avo id s m ost o f  the dust in flu ences, but represents a co ld  and 
thin atm ospheric p ro file  that can be regarded as quite extrem e. T h is  w ill  ensure that the fo llo w in g  
design con siderations w ill  be met for m ost atm ospheric conditions.
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5.1.2.1 Penetrator missions
T h e  success criteria  for the penetrator m issio n s have been chosen as the depth o f  im pact and the 
angle at w h ich  the penetrator im pacts the ground. F o r the purpose o f  the study, the penetrator 
sh o u ld  reach a depth o f  0.4  to 1.5m  (com pared  to < lm  for D S 2 ) and a penetration angle in fe rio r 
than 3 0  degrees from  v e rtica l as show n b y D S 2  [B rau n , M ich e ltree  et al. 1999]. T he baseline for 
the d esign o f  the probe w ill  be the D S 2  co n fig u ra tio n , co n strain ing  the aeroshell geom etric 
ch aracteristic i.e. 45 degree h a lf  angle and d im e nsio n s relations, w h ile  ke ep in g  the diam eter and 
b a llis tic  co e fficie n t f le x ib le  as show n F ig u re  2 14 . T h e  penetrator its e lf  w ill  be based on the D S 2  
co n fig u ra tio n  as w e ll w ith  s im ila r  m ass (F ig u re  2 1 5 )  and w here p o ssib le  w ill  m ake use o f  the data 
obtained d u rin g fie ld  tests b y  L o re n z [L o ren z, M o e rsch  et al. 2000],
F igu re 21 4  -  P e n e tr a to r  A ero sh e ll F igu re  215  -  P e n e tr a to r  L an d ed
C o n fig u r a tio n  co n fig u r a tio n
T h e  fo llo w in g  table sum m arises the assum ptions used for this study
T a b le  65  -  P e n e tr a to r  M issio n s B a se lin es
Data U nits Value
Entry V elocity [m/s] 4600
TPS material SIR C A /SPLIT
TPS thickness [mm] 10
Probe diam eter D [m] 0.35
M ass penetrator w/o TPS [kg] 2.505
A ltitude o f  landing [km] -6 to 21
Depth o f  penetration [m] 0.4-1.5
A ngle o f  penetration max [deg] 30
M axim um  g loading Impact [g] 60000
T he m etric chosen for the study is the b a llis t ic  co e ffic ie n t as it in flu e n ce s the ve lo city/a ltitu d e  
p ro file  as w e ll as the angle o f  penetration. A s  d iscussed  in  chapter 3, the Y o u n g s equations can be
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used to relate the im pact v e lo c ity  and penetration depth. T he fo llo w in g  F ig u re  2 16  depicts the 
im pact o f  the so il param eter S (d e fin e d  in  C h p .3 ) on the im pact depth at a g iv e n  im pact v e lo city.
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F ig u re  2 1 6 -  P en etra tio n  D ep th  v ersu s  Im p a ct V e lo c ity  for  D iffer en t S o il p a r a m e te r s  (le ft) , c lo se  up
on  th e  d esig n  sp a c e  (r igh t)
T h e  design space is im m ed iately id en tifie d  (F ig u re  216 , rig ht) and one can see that as the so il 
con d itio ns changes so does the req u ire d  im pact v e lo c ity  to achieve the req uire d  depth. In  addition, 
from  the data co llected  b y  P utzig  and M e llo n  [Putzig, M e llo n  et al. 2 0 0 5 ], it is p o ssib le  to 
generate a m ap o f  so il co e ffic ie n ts as show n F ig u re  2 1 7  w h ich  in turn can be used to estim ate the 
req uired  im pact v e lo c ity  to reach the desired  depth on m ost o f  the M a rtian  surface.
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F ig u re  2 17  -  S o il C o e ffic ie n t  M a p  d e r iv e d  fro m  T h er m a l In er tia  an d  A lb ed o  D ata
N ote that although this m ap p ro vid e s a range o f  S num bers, lo c a lise d  co n d itio n  m ay lead to 
different so il co n d itio ns: the regio n tow ards the south pole is m arked w ith  a 8 to 10 S num bers 
despite the presence o f  frozen s o ils  and ice  further south. In  addition, it is  n e cessary  to lim it the 
im pact loading on the probe: D S -2  w as designed to sustain a m axim u m  o f  6 0000 g on the aftbody
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(d o w n  fro m  80000g in itia lly ). T h is  deceleratio n can be com puted w ith  respect to the lo c a l so il 
param eter. F ro m  the e xp re ssio n  o f  average deceleratio n alread y defined e arlier,
Gg = - -
2Y  (181)
w here G  is  the “ g factor” , g=9 .81 m /s2, and Y  the stroke o r penetration depth d efin ed  from  the 
Y o u n g  equation m o d ifie d  fo r D S 2 :
Y = 6 .10 “8 6'0'5 f —  I v 2
0.7
J ( 182)
w here m  is  the m ass o f  the probe in  k g  and A  its frontal area in  n r .  S o lv in g  fo r the acceleration 
the first e xp re ssio n  w ith  the second leads to:
Gg
6 .10“s S°-5| — 1 ( 183)
T h e  first strik in g  com m ent on this e xp re ssio n , w h ic h  m ay  seem s rather co u n te rin tuitive  is  the la c k  
o f  dependency o f  the im pact deceleratio n on the im pact v e lo city , re ly in g  e n tire ly  on the s o il 
param eter fo r a g iv e n  co n fig ura tio n . S e co n d ly, the h e avie r the m ass, the lo w e r the deceleration 
loads. T h is  can be illu strated  b y  u sin g  two penetrator m asses cho sen fro m  the in itia l studies ( 1 .7 3 7  
k g ) and flig h t D S 2  m asses (2 .5 0 5 k g ). T h e  g -lo a d in g  can therefore be expressed fo r each S n u m ber 
as sh o w n  T ab le  66
T a b le  6 6  -  g -L o a d in g  A g a in st  S o il P a ra m eters  fo r  tw o  p ro b e  m a sses
Mass S 2 4 6 8 10 12 14 16 18
1.737
2.505
g-Loading
79256
61337
56042
43372
45758
35413
39628
30668
35444
27431
32356
25041
29956
23183
28021
21686
26418
20445
F ro m  the data, one can see that the lo w e r the s o il param eter, the h ig h e r the load. C o m p a rin g  the 
m asses and the highest lo a d in g  show s that in it ia lly , the h ig her loads co u ld  be evaluated to 79 0 0 0 g  
d ecreasing  to 6 10 0 0  g as the m ass increased  at the end o f  the design. T h e  two valu e s are 
consistent w ith  the data found  in  the literature [S m ekar, E . et al. 19 9 9 ].F o r the chosen m asses, the 
assum ption o f  6 0000 g p ro v id e s  the w id est range o f  accessib le  s o il param eters and is  therefore o f  
no d irect co n ce rn here.
F ro m  F ig u re  2 16 , the depth o f  penetration o f  0.4  to 1.5 m  w ill  be ach ieve d  fo r  a range o f  im pact 
v e lo citie s  betw een 140 and 4 7 5  m /s. T o  reach these v e lo citie s, the b a llis t ic  co e ffic ie n t m ust be
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tuned to achieve the req uired  v e lo c ity  and angle o f  penetration at a sp e cific  altitude as show n 
F ig u re  2 18  and F ig u re  219 .
F igu re 2 1 8 -  P en etra to r  -  A ltitu d e  V s Im p a ct F igu re 219  - P e n e tr a to r -A lt i tu d e  V s Im p act  
A n g le  fo r  In cr ea sin g  B C  V e lo c ity  fo r  In c r e a sin g  BC
T h e  figu res above co m p ile  the effect o f  the B C  on both the im pact angle and v e lo city  for lan d ing 
sites rangin g from  - 6  to 21 km . Fro m  the data, it appears that not a ll the locations can be reached 
on the surface o f  the planet. F o r exam ple, F ig u re  2 19  show s that to reach the ca ld e ira o f  O ly m p u s 
M o n s at 21 km  above the areoid, a B C  o f  1 0 -15  kg /m 2 is required. N evertheless, F ig u re  218 
show s that the 3 0  degrees requirem ent fo r the penetration angle cannot be met fo r any o f  the B C  
for this altitude. In  an effort to d esign a ve rsatile  penetrator capable o f  rea ch in g  a great selection 
o f  sites, a B C  o f  3 7 k g /n r w a s  chosen lead ing  to a m ass o f  3 .6  kg  for a co n fig u ra tio n  s im ila r to the 
D S 2  geom etry. Fro m  F ig u re  2 18 , the m axim u m  altitude reachable fo r a B C  o f  3 7 k g / n r  at the 
design space b ound ary (noted ® )  leads to the m axim u m  altitude o f  2 70 0 m  and noted © . F o r this 
altitude and B C  in F ig u re  2 19  an im pact v e lo c ity  o f  175 m /s is  found ( ® ) .  F ig u re  2 16  show s that 
fo r this im pact v e lo city , a m in im u m  so il co e ffic ie n t o f  7  is required to reach the m inim u m  depth 
o f  0.4  m.
A  num ber o f  m itigatio n strategies co u ld  be proposed to im pro ve the altitude range such as v a ry in g  
the entry v e lo city  or the flig h t path angle (F P A ). T h e  fo llo w in g  F ig u re  220 to F ig u re  223 show s 
the in flu e n ce  o r co n trib utio n o f  these param eters on the im pact angle and v e lo city. T he fo llo w in g  
T a b le  6 7  sum m arises the con trib u tio n o f  these param eters on the design spaces boundaries o v e r a 
w id e  range o f  in itia l v e lo citie s  (4 6 0 0  to 7 2 0 0 m /s) and F P A  (-1 0  to -1 7 d e g ).
T a b le  67  -  In flu en ce  o f  th e  In itia l V e lo c ity  an d  F lig h t-P a th  A n g le  on th e  A c c e ss ib le  A ltitu d e  R an ge
A ltitude C ontributions Initial V elocity  Flight Path A ngle
AV =2600m /s A deg = 7
A A ltitude Linearity A A ltitude_________Linearity_______
Im pact V elocity 1800m N on-linear -4800m  N on-linear
Im pact A ngle 400m  N on-linear -1800m  L inear
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T h e  fig ures and T ab le  6 7  show s that the va ria tio n  in  in itia l flig h t path angle leads to a drastic 
alteration o f  both the im pact angle and im pact v e lo c ity  design space (D S ). A n  increase o f  flight 
path angle (tow ards in cre asin g  negative v a lu e s) decreases the altitude fo r w h ic h  the D S  holds. F o r 
- 1 0  degrees, the altitude fo r w h ich  the top b ou nd ary o f  the D S is  v a lid  is about 1700m . In cre asin g  
the angle to -1 7 d e g re e s  lo w e r the altitude to about 0m . F o r the im pact v e lo c ity  D S , the effects are 
even stronger lead ing to a decrease in altitude o f  about 4800m . T he in flu e n ce  o f  the entry v e lo city  
is  subtler. In cre a sin g  the entry v e lo city  leads to the increase o f  both the altitude o f  the b ound ary o f  
the im pact angle and im pact v e lo c ity  D S  o f  about 400m  and 1800m  resp ective ly.
F ig u re  220  -  F ligh t P ath  A n g le  co n tr ib u tio n  to  F ig u re  221 F ligh t P ath  C o n tr ib u tio n  to the  
th e  Im p a ct A n g le  Im p a ct V e lo c ity
F ig u re  222 -  E n try  V e lo c ity  C o n tr ib u tio n  to F ig u re  223 -  E n try  V e lo c ity  C o n tr ib u tio n  to the  
th e  Im p a ct A n g le  Im p a ct V e lo c ity
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F ro m  the data a num ber o f  c o n clu sio n s  can be draw n:
B y  taking into co n sideration the so il properties o f  the im pact area, the v e lo city  has no 
in flu e n ce  on the g -lo ad in g  o f  the probe at im pact.
T h e  b a llistic  co e ffic ie n t is the p rim a ry  d riv e r fo r the altitude the penetrators can reach as 
it in flu e n ce s both the im pact an gle  and v e lo city.
T h e  flight-path angle has a strong but lesser influ ence than the B C  on the altitude, and 
w ill  tend to decrease the altitude w ith an increase (ne g ative) o f  the flight-path angle
F in a lly , the entry v e lo c ity  has, in  co m p ariso n  w ith  the B C  and F P A , a m arginal effect on 
the altitude fo r w h ich  the m issio n  requirem ents are met.
In  addition, it is  p o ssib le  to note that the d esign space for the angle o f  penetration is  m ore 
stringent than the im pact v e lo c ity  fo r a g ive n  B C  and atm ospheric conditions. H o w e ver, the range 
o f  penetration angle is  v e ry  m uch dependent on the d esign o f  the foreb od y o f  the probe, lead ing to 
a degree o f  f le x ib ility  pend ing on the d esign o f  the penetrator.
F o r the g ive n  atm osphere and probe param eter it is  p o ssib le  to d erive  an access m ap such that 
both the so il con d itio ns and altitude o f  the lan d in g  site are taken into con sideration. A s  m entioned 
before, fo r the current scen ario  w ith  a B C  o f  3 7 k g /m 2, the m axim um  altitude reachable is 2500m  
lead ing  to an im pact v e lo c ity  o f  175 m /s and a m in im u m  so il co e fficie n t o f  7. I f  the design space 
fo r im pact angle is  re la xe d  from  3 0  to 4 0 deg, the altitude increases to 4000m  and the m inim um  
so il co e fficie n t becom es around 3 .5. T h e  resu ltin g  access m ap is show n F ig u re  224  and detailed in 
T a b le  68.
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T a b le  68 - A c c e ss  M ap  K eys
r , v  Local C onditionsLegend Key ______
A ltitude Soil
A OK OK
B
OK , i f  the im pact angle is OK
relaxed to 40deg
C OK N O
D OK , if  the im pact angle is OK, if  the im pact angle is
relaxed to 40deg relaxed to 40deg
E NO OK
F NO NO
Assuming an aeroshell with the same construction as the DS2 probes, the mass of the payload 
delivered is directly linked to the chosen ballistic coefficients. Table 69 compiles the respective 
payload mass and payload mass fraction for the penetrator configuration assuming a fixed 
diameter of 0.35m. As discussed in the literature review, the payload fraction increases with the 
ballistic coefficient, however, some configurations prove to be unfeasible such as the one with a 
BC of 10 kg/m2.
T a b le  69  - B a llis tic  C o e ffic ie n t  an d  P a y lo a d  F ra ctio n  for  the  P e n e tr a to r  C o n fig u ra tio n
BC M ass M ass
payload
M ass
fraction
10 0.923628 -0.193 -0.054
20 1.847256 0.778 0.216
30 2.770885 1.750 0.486
37 3.6 2.430 0.675
40 3.694513 2.722 0.756
50 4.618141 3.694 1.026
60 5.541769 4.665 1.296
We have been investigating here the influence of the altitude and soil properties on the design of 
penetrator missions. From the depth of penetration to the angle of impact, the ballistic coefficient 
is the main driver of the design. Gradually, we have been developing an understanding of the 
methods to identify both the probe configurations to reach a specific location and generated an 
access map for a particular probe configuration.
It is now possible to investigate more complex types of mission such as a small lander mission 
and investigate whether they will be able to access new terrains or altitudes the penetrator could 
not reach.
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5.1.2.2 Small Lander Missions: Conventional Options
This scenario is based on a preliminary concept for the Vanguard case study and will provide the 
baselines for a generic small lander mission. The heatshield is based on the Viking/MPF geometry 
shown Figure 225 and will be used throughout.
F ig u re  22 5  -  V ik in g / M P F  H ea tsh ie ld  G eo m etr y
For consistency, the small lander mission will use the same mission conditions as the penetrator 
scenario, and will be defined as in the following Table 70.
T a b le  70- S m a ll L a n d e r  M iss io n , In itia l C o n d itio n s  an d  A ssu m p tio n s
Data U nits Value
Entry V elocity [m/s] 4600
Altitude o f  landing [km] -6 to 21
H eatshield D iam eter [m] 1.5
ln-orbit M ass [kg] 130
H eatshield/Inflatable h a lf  angle [deg] 70
Im pact velocity [m/s] 20 max
Parachute d iam eter DGB [m] 15 max (M ER size)
DGB Cd [N/A] 0.45
Parachute D iam eter Ringsail [m] 12.5*
R ingsail Cd [N/A] 0.8
RAD g loading [g] 6 max
* Assumed 25% increased from B2 fo r  near fu ture missions, not 50% as per the Vanguard Case Study
The metrics for the study will concentrate on the payload mass ratio that can be deployed on the 
surface at a given altitude. For each step, a working EDLS configuration is derived that satisfy all 
the criteria. The total mass of EDLS is the sum of the mass of the aeroshell 
(heatshield+backshell), the mass of the descent system and the mass of the landing system. Since 
the mission is constrained at entry, the mass of the aeroshell will remain constant. In addition, it is 
also constrained at the landing phase in term of terminal velocity, therefore the mass of the 
landing system, here airbags, will remain constant. The main variable is therefore the mass of the 
descent system. The altitudes considered range, with respect to the areoid, from -6000m to 
+21000 in steps of 3000m. To reach these altitudes, a number of systems and options will be 
considered: a Beagle2-type system based on a double parachute configuration with DGB drogue
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and Ringsail main parachute (Figure 226), a MPF/MER-type configuration with a supersonic 
main and Rocket Assisted Descent (RAD) (Figure 227), and finally a RAD-based system using a 
small DGB stabiliser parachute to slow the probe and keep it upright until RAD operation (Figure 
228).
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F ig u re  226 -  D ro g u e /M a in F ig u re  227 -  P a ra ch u te F igu re 228 -  D ro g u e  + R A D
P a ra ch u te  S y stem + R A D  D escen t S ystem D escen t S ystem
For this mission concept, the 2-parachutes configuration is sized following the method described 
in Chapter 3 with special emphasis on targeting a suitable deployment Mach number and 
minimising deployment loads. The results are summarised in Table 71.
For the DGB+RAD configuration, the mass of the descent system can be summarised as the mass 
of the parachute, mortar, RAD propellant and structure. Deriving the mass of the system at a 
given altitude and for increasing terminal velocities reveals a specific terminal velocity for which 
the mass of the system will be minimum as shown below in Figure 229. Figure 230 compiles for 
each altitude step the total descent system masses for these increasing terminal velocities.
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F ig u re  2 2 9  -  D escen t S u b -sy ste m s M a sses a t F ig u re  230  -  D escen t sy stem  M ass V s T e rm in a l 
30 0 0 m  fo r  th e  D G B + R A D  c o n fig u r a tio n  V elo c ity  an d  A ltitu d e  fo r  th e  D G B + R A D
co n fig u r a tio n
The top limit of the terminal velocity range is defined from the maximum acceptable g level on 
the vehicle set to 6g for a 2.5 sec bum leading to a top terminal velocity of 120 m/s. From Figure 
230, the data shows that up to 9000m of altitude, the descent system mass possesses a minimum 
within the range of terminal velocities investigated. Above 9000m, the minima in the data can 
only be found beyond the acceptable range of terminal velocity. Above this altitude, the total 
system mass is therefore derived for the maximum terminal velocity of 120m/s. The following 
Table 71 and Figure 231 show both the constrained and ideal system masses at each altitude step.
T a b le  71 - D G B + R A D  C o n fig u ra tio n : M a ss o f  th e  D escen t S y stem  fo r  in c r e a s in g  A ltitu d e  an d
T e r m in a l V elo c it ie s
Altitude
Ideal
Terminal
Velocity
Ideal
Mass
Descent
Constrained
Terminal
Velocity
Constrained
Mass
Descent
-6000 65 12.05 65 12.05
-3000 75 13.12 75 13.12
0 80 14.18 80 14.18
3000 90 15.32 90 15.32
6000 105 16.47 105 16.47
9000 120 18.29 120 18.29
12000 130 18.79 120 18.84
15000 150 20.01 120 20.30
18000 170 21.30 120 22.10
21000 190 22.66 120 24.40
20 30 40 50 60 70 80 90 100 110 120
Terminal Velocity [rrVs]
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F ig u re  231 - D G B + R A D  C o n fig u r a tio n : Id ea l an d  C o n str a in e d  D escen t S y stem  M a ss v ersu s T e rm in a l
V e lo c ity  an d  A ltitu d e
Between 6000m and 9000m, the RAD-based configuration becomes the only system that can 
provide sufficient deceleration in the high altitudes as it relies more heavily on the propulsion 
system than the DGB+RAD configuration. For this system, a maximum bum time of 4 seconds is 
set to spread the g loading of the terminal deceleration. The drogue parachute must also be 
released at high altitudes and Mach number. For the mission concept, the drogue is release at a 
Mach number of 2.75, greater than the 2.4 for which DGB are qualified. But the associated 
dynamic pressure is around 770 N/m2, which is well within the capabilities of current systems as 
documented by Pioneer Aerospace [Pioneer-Aerospace 2003]. But while this configuration proves 
to be able to reach landing sites up to 9000m, 12000m is clearly out of reach with the conditions 
set for this mission concept.
The following Table 72 shows the various options chosen for the mission concept to reach landing 
site with increasing altitudes. It also summarises the achievable payload ratios associated with the 
various solutions.
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T a b le  72 - S m a ll M issio n s : E D L S  O p tio n s  fo r  In cr ea sin g  L a n d in g  S ite  A ltitu d e  (see  n o te  b e lo w )
U nits A ltitude
-6000 -3000 0 3000 6000 9000
Entry
M ass Probe [kg] 130 130 130 130 130 130
TPS - N orcoat N orcoat N orcoat N orcoat N orcoat N orcoat
Heatshield M ass [kg] 19.51 19.51 19.51 19.51 19.51 19.51
Backshell Mass [kg] 23.28 23.28 23.28 23.28 23.28 23.28
M ax g [g] 9 9 9 9 9 9
Descent
Parachute
Drogue Diam [m] 2 3 3.5 0 0 4.5
Drogue Mass [kg] 0.5 0.83 0.83 0 0 1.61
Drogue g load [g] 0.82 1.3 2 0 0 5.94
Drogue alt deploy ADL [m] 5408 5408 6714 0 0 11049
Drogue M ach deploy [M] 1.4 1.4 1.56 0 0 2.75
Drogue Dyn Press Deploy [kg/m 2.s] 355 355 400 0 0 770
Suspended M ass Main [kg] 87.21 87.21 87.21 110.49 110.49 110.49
Para diam [m] 10 11.54 12.5 6.35 6.59 0
Para Mass [kg] 2.7 3.62 4.15 2.98 3.2 0
Para g load [g] 5.89 5.32 5.03 5.27 5 .99 0
Para alt deploy ADL [m] -3109 570 2613 7245 7703 0
Para M ach deploy [M] 0.59 0.59 0.6 1.66 1.75 0
Para Dyn Press Deploy [kg/m 2.s] 176 115 94 425 451 0
M ortar [kg] 1.05 2.3 2.3 4.61 4.74 3.51
Parachute System  M ass [kg] 4.25 6.75 7.28 7.59 7.94 5.12
Term inal Velocity Parachute [m/s] 17.4 17.67 19.58 65 83 208
RAD
Initial V elocity RAD [m/s] 0 0 0 65 83 208
RAD propellant [kg] 0 0 0 2.93 3.35 8.18
Rad system [kg] 0 0 0 8.14 8.9 15.58
RAD Thrust [N] 0 0 0 3469 3959 5350
RAD bum  tim e [s] 0 0 0 2.11 2.12 3.92
RAD g load [g] 0 0 0 3.22 3.88 5.84
D escent System  Mass [kg] 4.25 6.75 7.28 15.73 16.84 20.7
Landing System
Landing V elocity [m/s] 17.4 17.67 19.58 12.4 14.45 11.95
Landing M ass [kg] 82.96 80.46 79.93 71.48 70.37 66.51
Landing site Pressure [Pa] 1112 779 553 394 282 202
A irbag m ass [kg] 18.99 18.99 18.99 18.99 18.99 18.99
A irbag Gas [kg] 2.29 2.18 2.14 1.90 1.86 1.75
Landing system  Mass [kg] 21.28 21.17 21.13 20.89 20.84 20.73
Total
Total EDLS mass [kg] 68.32 70.71 71.20 79.41 80.47 84.22
M ass Payload [kg] 61.68 59.29 58.80 50.59 49.53 45.78
M ission Payload Ratio - 0.47 0.46 0.45 0.39 0.38 0.35
M ission EDLS ratio - 0.53 0.54 0.55 0.61 0.62 0.65
Note: The upper boundaries o f  the design spaces fo r  the systems are highlighted in red. The RAD-based system reaches 
its limits between 9 and 12 Km
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From the study and the results in the table above, a number of observations can be made.
Domain o f applicability:
As mentioned above, each configuration has a its own domain of application, mainly based on 
the unsuitability or the poor mass efficiency of the other systems for a given landing site 
altitude. This observation is mainly due to the deployment capabilities of the two parachute 
systems: Mach 0.7 for Ringsail and up to 2.4 for DGB. The parachute deployment Mach 
number and associated dynamic pressure are therefore the main design drivers for the 
systems. The 2-parachute configuration is used from -6000m up to the 0m altitude level 
(included) from which the size of the main parachute is driven out of the design space. Below 
the 0m level, the DGB+RAD system is less mass efficient than the Ringsail configuration; 
hence it will only be used above 0m until 6000m (included) where the g-loading of the RAD 
bum is exceeded. At 9000m, only the RAD-based descent system is viable due to the fact that 
the timeline is very short but the parachute deployment conditions are borderline.
Descent System Masses:
The masses of the various systems are summarised below in Figure 232. Although trend lines 
are presented, they must be read in conjunction with the remarks above regarding domains of 
applicability i.e. Ringsail based systems will struggle above the altitude of 0m.
F ig u re  232 -  S m a ll M issio n s -  D escen t S y stem  M a sses fo r  in crea s in g  L a n d in g  S ite  A ltitu d es
Payload ratio:
Having sized the EDLS of this conceptual mission for a number of landing site altitude, it is 
possible to derive the payload ratio that the mission can deliver at a given altitude as shown in 
Figure 233.
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F ig u re  233 -  S m a ll M iss io n s  -  P a y lo a d  R atio  for  In cr ea sin g  L a n d in g  S ite  A ltitu d e
As expected, the various configurations taken independently provide different payload ratios 
around 0.44-0.47 for Ringsail configurations, 0.375 for DGB and 0.34 for RAD. But taken as a 
whole, one can see an overall trend that would express the payload ratio with respect to the 
altitude such that:
Pratio = -9E-06*HLS + 0.4212 (184)
Where HLs is the altitude of the landing site in m from the datum. The variation of the payload 
ratio is found to be within 5% of this expression. The mass breakdown of the configurations is 
illustrated in Figure 234 and shows the strong dependency of the payload mass ratio with the 
descent system mass.
R in g sa il
R A D -b a sed
16%
D G B + R A D
□ US Mass
■ BS Mass
□ Descent System Mass
□ Landing system Mass
■ Mass Payload
F ig u re  234  -  S m a ll M issio n s - C o n fig u r a tio n s  
M ass B rea k d o w n
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Geographic Targeting
Based on the altitude capabilities, it is possible to build an access map for this mission concept as 
shown Figure 235. This map also summarises the descent systems that may be used to reach a 
specific location on the surface. Although the results would need to be weighted with the impact 
of the local density profile, the map shows that most of the surface can be reached based on the 
descent system capability for this mission and time of arrival. Additionally, this map can also be 
interpreted to provide payload ratio for a given location on the surface.
A B C D E F
F ig u re  2 35  -  A cce ss M ap  fo r  S m a ll M issio n s w ith  C o n v e n tio n a l E D L S: A - R in g sa il, B -tra n sitio n a l  
R in g sa il to  D G B + R A D , C -D G B + R A D , D -T ra n s it io n a l D G B + R A D  to R A D -b a se d , E- R A D -b a sed  and
F- U n r e a c h a b le
This study has shown that specific descent systems may be used to reach specific altitude ranges. 
Assuming an unconstrained entry location, this data can be in turn translates into geographic 
locations on the surface. Targeting lower altitudes will increase significantly the payload ratio of 
the mission since lower mass descent systems such as the two-parachute configuration can be 
used. All these systems and ultimately the payload fraction are relying on the fixed entry 
configuration with a hard aeroshell and prescribed entry conditions.
5.2 Atmospheric Factors
In addition to the spatial factors such as geographic location and altitude of the landing site, the 
atmosphere plays a key role in the performance of the EDL system. Temporal and geographic
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variability affects atmospheric parameters such as density, pressure and temperature. 
Characterising the effect of the atmospheric variability on the overall performance of the EDL is 
crucial to ensure the success of any mission. In this section, the Vanguard case study is 
investigated under various atmospheric conditions, focussing primarily on the density levels. A 
number of simulation datasets are produced to look into the effects on the performance and 
sequence of the EDL system.
5.2.1 Atmospheric profiles and variability
Atmospheric variability comes in many shapes and forms and can be attributed to diurnal, 
seasonal or geographic factors. In addition, the Martian atmosphere is highly sensitive to the 
effect of dust in the atmosphere. Current models suggest that the dust heats up the surrounding 
atmosphere, modifying its temperature and density. Subsequently the opacity of the dust and its 
thermal inertia shield the lower atmospheric layers from solar radiation and cool them. The 
amount of dust in the atmosphere varies locally, regionally, seasonally and episodically, 
potentially transforming a dust clouds into a global storm. The following figures show a 
representative range of diurnal (Figure 236),, seasonal (Figure 237) and geographic variations 
(Figure 238) of the density profiles as well as the Kass-Schofield 3-sigma model that provides the 
boundaries for typical random day-to-day variability (Figure 239).
Density [kg/m A3]
F ig u re  2 3 6  -  A tm o sp h er ic  V a r ia b ility  -  D iu rn a l 
D en sity  V a r ia tio n  for  a C o ld  a tm o sp h e r e  at 
S o la r  L o n g itu d e  (L S ) 90  in 2 h o u rs step s
F igu re 2 37  -  A tm o sp h er ic  V a r ia b ility  -  
S ea so n a l D en sity  V a r ia tio n  fo r  a ty p ica l 
E M C D -M 2 4  a tm o sp h e re  fro m  L S 0 to LS 33 0
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F ig u re  23 8  - A tm o sp h e r ic  V a r ia b ility  -  
G e o g r a p h ic  D en sity  V a r ia tio n  fo r  an E M C D -  
M 24 a tm o sp h e re  at LS 90
F ig u re  239 -  A tm o sp h e r ic  V a r ia b ility  - 3 s i g m a  
B o u n d a r ies , p er c e n ta g e  from  M ean , as u sed  fo r  
M E R  p re -flig h t M o d els  (D esa i an d  K n ock e  
2004]
Fro m  the E u rop ean C lim a te  D atabase V 4 , a num ber o f  atm ospheric p ro file s  have been selected to 
p ro vid e  typ ica l entry co n d itio n s around the M a rtian  y ear fo r h ig h  and lo w  dust co n d itio ns as w e ll 
as h ig h  and lo w  so la r activ ity. In  ad d ition, two p ro file s  at different latitudes have been selected to 
com plete the p ro file  database. T h e  m odels have been chosen to p ro vid e  v a ria b ility  o ve r a w id e 
range o f  high, m edium  and lo w  altitudes, and w here possible  to p a ir them w ith  p ro file s  w ith 
opposite characteristics. A  D e n sity  C rite ria  param eter is used to describ e the den sity p ro file s  o ve r 
3 layers o f  the atm osphere as presented in  T a b le  7 3  and represents the le v e l o f  den sity w ith 
respect to the bound aries form ed b y the m in im u m  and m axim um  density p ro file s  fo r this layer.
T a b le  73- D en s ity  C r ite r ia  fo r  th e  A tm o sp h er ic  M od els  o v er  3 A ltitu d e  L ayers  
1: L ow  D en s ity , 5- H igh  D en sity
M odel #
Altitude
High Medium Low
A tm ospheric M odel 125km>Alt>45km 45kni>Alt>10km 10km>Alt
0 M 24-avg-300-0 3 3 2
I Dust-Sm ax-300-0 5 3 1
2 Dust-Smax-300-60 3 1 4
3 Cold-Stnin-90-0 I 2 1
4 MER1 3 4 1
5 MCD MGS Dust 4 5 5
6 MCD ESA 2013 2 3 1
T h e  nam es o f  the m odels fo llo w  w here p o ssib le  the fo llo w in g  pattern: “ Dataset - S o lar con d itio n 
-  S o lar Lo ngitud e -  Latitu de” . T h e  cho sen reference p ro file  M 2 4 -a v g -3 0 0 -0  is  therefore extracted 
from  the M 2 4  dataset o f  the E M C D  fo r an average so lar year at a so la r longitude o f  3 0 0  and 
latitude 0. T h e  other m odels are the M E R 1  atm ospheric m odel, the E M C D  M G S  D ust reference
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scen ario  and the M C D  E S A  2 0 1 3  p ro file  used for the E S A  pow ered lan d ing case study a im in g  at 
a lan d in g  at M a rs on the 1 1th Ju ly  2 0 1 3.
T h e  fo llo w in g  F ig u re  2 40 and F ig u re  241 co m p ile s the selected atm ospheric p ro file s  for this 
investigation. T hese represent no m in al p ro file s  before any day-to-day v a ria b ility  is applied. Note 
how  the reconstructed M E R  data is  fa ir ly  n o isy  at high altitude due to the sen sin g (accelerom eter 
data) and reconstruction process.
125000 
115000 
105000 
95000 
„  85000
E
5  75000
|  65000
|  55000
|  45000*
§  35000
25000 
15000 
5000 
-5000
1.E-09 1.E-07 1.E-05 1.E-03 1.E-01
D e n s ity  [k g /m  A3]
F ig u re  24 0  - A tm o sp h er ic  V a r ia b ility  -  S e lec ted  F igu re 241 -  A tm o sp h e r ic  V a r ia b ility  -
D en sity  P ro files  T e m p e r a tu r e  P rofiles .
N o rm a lis in g  the density p ro file s  b y the chosen reference p ro file  M 2 4 -A v -3 0 0 -0  leads to the 
fo llo w in g  F ig u re  242.
F igu re 242  - A tm o sp h er ic  V a r ia b ility  - N o rm a lised  D en sity  P rofiles
H a v in g  id en tifie d  a num ber o f  atm ospheric m odels, it is p ossible  to investigate their respective 
effects on the E D L  sequence o f  a typ ica l sm all m iss io n  and characterise the im pact o f  high,
117000
77000
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m ed iu m  and lo w  altitude variatio n s on the e ffic ie n c y  o f  the E D L  system . T h e  m iss io n  
co n fig u ra tio n  chosen fo r this stud y is  based on a sm a ll m iss io n  s im ila r  to the V a n g u a rd  case study 
w ith  a d ro g ue/m ain parachute co n fig u ra tio n  and the fo llo w in g  fix e d  m iss io n  param eters:
T a b le  7 4  -  A tm o sp h e r ic  V a r ia b ility  - M issio n  P a ra m eters
Data U nits Value
E ntry V elocity [m/s] 4600
Initial Flight-Path A ngle [deg] -13
In-orbit M ass [kg] 130
H eatshield /Inflatable h a lf  angle [deg] 70
D rogue DG B diam eter [m] 3
D rogue DGB Cd [N/A] 0.45
D rogue D eploym ent [M] 1.4
M ain R ingsail D iam eter [m] 12.5
M ain R ingsail Cd [N/A] 0.8
M ain D eploym ent [M] 0.6
L anding Site E levation [m] -2600
D esigned V elocity  o f  Im pact [m/s] 20 m ax for the reference atm osphere
5.2.2 Atmospheric Variability: Datasets and Discussion
A s  m entioned above, the atm ospheric m od els h ave been chosen to p ro v id e  v a r ia b ilit y  o ve r a range 
o f  h ig h , m ed ium  and lo w  altitudes. T h e se  m od els are used in  datasets that represent a com b inatio n 
o f  d ensity p ro file s  w ith  opposite o r com plem entary characteristics. B y  
m odels, the in flu e n ce  o f  the lo c a lise d  or constant lo w  density p ro file s  on 
E D L  system  can be id en tified . F o r  this study, 5 datasets are prod uced  and 
F ig u re  243 to F ig u re  2 4 7.
T h ese datasets are:
• D ataset 1: H ig h  to M e d iu m  A ltitu d e  v a ria b ility
• Dataset 2: M e d iu m -to -L o w  A ltitu d e  V a r ia b ility
• Dataset 3: M id -atm osphere cro ss-o ve r
• D ataset 4: L o w  A ltitu d e  D e n sity  V a ria tio n
• D ataset 5: C o nstant L o w  D e n s ity  P ro file s
F o r  m ore details on these p ro file s  and associated results, the reader is  d irected to appendices F.
u sin g  this sele ctio n o f  
the p e rfo n n a n ce  o f  the 
sh o w n  in  the fo llo w in g
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F ig u re  243 - D a ta set 1: H igh  to  M ed iu m  A ltitu d e  
v a r ia b ility
1.E-09 1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 
Density [kg/mA3]
F ig u re  245  - D a ta se t  3: M id -a tm o sp h e r e  c r o ss ­
o v er
1.E-09 1 E-08 1E-07 1.E-06 1.E-05 1 E-04 1.E-03 1.E-02 1.E-01 
Density [kg/mA3]
F ig u re  244  - D a ta set 2: M ed iu n i-to -L o w  A ltitu d e  
V a r ia b ility
F igu re 246 - D a ta set 4: L ow  A ltitu d e  D en sity  
V a r ia tio n
Figure 247 -  Dataset 5: Constant Low Density Profiles
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T h e  resu ltin g  m issio n  p ro file s  are sum m arised  b e lo w  in  F ig u re  248 to F ig u re  2 5 1.
M 2 4 _ A V G _ 3 0 0 _ 0  
-  D u s t _ S m a x _ 3 0 0 _ 0
 D u s t _ S m a x _ 3 0 0 _ 6 0
 C o ld _ S m in _ 9 0 _ 0
 M E R 1
 M G S _ D u s t_ S c e n a r io
 M C D  E S A  2 0 1 3
100 200 
Time [s]
M 2 4 _ A  V  G _ 3 0 0 _ 0  
D u s t_ S m a x _ 3 0 0 _ 0
 D u s t_ S m a x  3 0 0  60
 C o ld _ S m in _ 9 0 _ 0
 M E R 1
—  M G S _ D u s t_ S c e n a r io  
 M C D  E S A  2 0 1 3
1 1 5 0 0 0
9 50 0 0
7 5 0 0 0
£
4)
3  5 5 0 0 0  
<
3 5 0 0 0
15 0 0 0
4  6
D e ce le ra t io n  [g]
F igu re 24 8  -  A tm o sp h er ic  V a r ia b ility  -  
D ece le ra tio n  T im e lin e
F igu re 249  -  A tm o sp h er ic  V a r ia b ility  -  
D ece le ra tio n  P rofile
1 4 0 0 0  
12000 
10000
£
<u 8 0 0 0
T3 3
<? 6 0 0 0  
4 0 0 0  
2000 
0
0  1 2  3  4
E v e n t  N b #
M 2 4 _ A V G _ 30 0 _ 0  
D u s t_ S  m a x _ 3 0 0 _ 0
 D u s t_ S m a x _ 3 0 0 _ 6 0
 C o ld _ S m in _ 9 0 _ 0
 M E R 1
 M G S D u s t S c e n a r i o
 M C D  E S A  2 0 1 3
F ig u re  25 0  -  A tm o sp h er ic  V a r ia b ility  -  V e lo c ity  
P rofile
F ig u re  251 -  A tm o sp h er ic  V a r ia b ility  -  Im p a ct  
on  the  E D L S  S eq u en ce : 1 -D ro g u e  d e p lo y m e n t, 
2- M ain  d e p lo y m e n t, 3 - H ea tsh ie ld  S ep a ra tio n
F ro m  the datasets presented above, atm ospheric v a ria b ility  is show n to have a s ig n ifica n t im pact 
on a num ber o f  im portant aspects o f  the E D L  sequence from  the early  events such as heat rates 
and peak deceleration. F ig u re  248 and F ig u re  249 show  how  the m agnitude (6 .5  to 9.5 g), the 
altitude (3 5 0 0 0 m  to 22000m  ) and the tim eline o f  the peak deceleration are in flu e n ce d  b y  the 
properties o f  the vario u s atm ospheric p ro file s. S im ila rly , the descent (F ig u re  2 5 0 ) and the
...... ,_I    r—
M24_AVG_300 0 
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deploym ents o f  the decelerators (F ig u re  2 5 1 )  are affected b y  the d en sity  va ria tio n  o f  the 
atm ospheric p ro file s  le ad in g  to a v e lo c ity  range at 3 5 0 0 0 m  o f  lk m /s  betw een the trajectories and 
a 7 0 0 0  m  range in  parachute dep lo ym ent altitude. T h e  fo llo w in g  d iscu ssio n  w il l  be based on the 
fig u re s above as w e ll as the an a ly sis  o f  the com b ined  datasets and results found  in  appendices F  in  
greater details.
5.2.2.1 E arly  E D L  events
T h ro u g h o u t the datasets, the increased d en sity  as one w o u ld  expect increases the altitude fo r the 
e a rly  events o f  the E D L  sequence, n a m e ly  peak heat rate altitude and p e a k  deceleration. D u st in  
the M a rtia n  atm osphere tends to increase the tem perature and d ensity o f  the h ig h e r layers o f  the 
atm osphere w h ile  co o lin g  and d ecreasing the d en sity  o f  lo w e r layers. In  contrast, the C o ld  
scenario and the M C D  E S A  2 0 1 3  m odels are ty p ic a l o f  re la tiv e ly  lo w -d u st scen ario  w ith  a 
constant lo w  d ensity o ve r the w h o le  p ro file . D ataset 1 concentrates on the h ig h  altitude v a ria tio n  
and show s that the increased  d en sity  decreases s ig n ific a n tly  the peak g o f  about 3 0 %  (F ig u re  2 48 ) 
and su bsequ ently  decreases the p e ak  d yn am ic p ressure b y  3 0 %  as w e ll. F ro m  the data, the 1 3 %  
decrease o f  the p e a k  heat rate m ay either be attributed to h ig h  altitude d en sity  v a ria tio n  or m ore 
lo c a lis e d  co n d itio ns in  the m ed ium  la y e r w h e re  the peak is  occurrin g . T h e  dataset 2 co n firm s that 
the m ed iu m  altitudes co n d itio n s are p revalen t o n the heat rate le ve ls; the heat rate v a ria tio n  is  v e ry  
s im ila r  to the p re v io u s stud y fo r a s im ila r  d ensity d ifferen ce at the p eak heat rate. T h is  co n firm s 
that the lo c a l atm ospheric co n d itio n s are p red o m in a n tly  affecting the v a lu e  o f  the pe ak rather than 
the co n d itio ns at h ig h e r altitudes.
T h e  g -le v e l and the altitude at w h ic h  it is  o cc u rrin g  can be estim ated w ith  first  order form ulae. 
A lle n  &  E g g e r and C h ap m an [A lle n , H .J. et al. 19 58 ; Chap m an and R . 1958] h ave prop osed  su ch  
m ethods that assum e a hyd rostatic atm ospheric m odel. A tm o sp h eric v a r ia b ility  h o w e ve r renders 
these exp re ssio n s v e ry  im pre cise. T h e  fo llo w in g  F ig u re  2 5 2  show s the g -le v e l and their 
corresp o n d in g  altitude fo r each o f  the m odels num bered from  0 to 6. F ig u re  2 5 3  co m p ile s the 
d en sity  p ro file s  fo r the range o f  altitudes w here the peak g is  ty p ic a lly  o c c u rrin g  fo r the range o f  
atm osphere considered.
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F ig u re  252 -  P eak  A cc e le r a tio n  L evel an d  
A sso c ia ted  A ltitu d e  for  the  V a r io u s A tm o sp h er ic  
M od els
F ig u re  253 -  D en sity  P ro file s  o f  the  a tm o sp h e r ic  
M od els fo r  the R a n g e  in w h ich  p ea k  g  occu rs
A s  show n F ig u re  2 52, two trends are c le a rly  v is ib le  in  the altitude range and the le ve l o f  
deceleration. F urth er inve stig atio n show s tw o m ain d riv e rs  for these trends: the local density o f  
the atm osphere and the “ A tm o sp h eric D e n sity  S lo p e ”  referred to as or^as show n in the fo llo w in g  
F ig u re  254  and F ig u re  2 5 5.
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F igu re 254  -  In flu en ce  o f  D en sity  an d  A tm o sp h er ic  
D en sity  S lo p e  on P eak  A cce le ra tio n  L evel and  
A ltitu d e
F igu re 2 5 5 -  D en sity  P ro file s  an d  D efin itio n  
o f  the A tm o sp h er ic  D en sity  S lo p es for  S o m e  
o f  the  A tm o sp h er ic  M o d e ls  an d  b o u n d ed  by  
the  p ro file s  2 an d  5
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T h e  A tm o sp h eric D e n sity  Slope is  d efined  as:
h{ - h 2
(X , = ------------ ------- ------------
P L°g(p\ ) — Log(p2) . 185)
w here h/ and h: are the b ound ary altitudes fo r the la y e r w here peak deceleratio n takes place, and 
pi and p2 the associated densities. T h is  a n a ly sis  used a representative atm ospheric la y e r defined 
by h l =  38 0 0 0 m  and h 2 =  2 6 000m  w here m ost o f  the peak decelerations o cc u r fo r the atm ospheric 
m odels considered. T h is  la y e r w ill  be referred to as the ‘ D eceleration L a y e r ’ . A s  show ed b y A lle n  
and C hapm an, the B a llis t ic  C o e ffic ie n t p la y s also  an im portant ro le  in  the le vel o f  the peak 
deceleration but even m ore on the altitude at w h ich  it o ccurs as show n in  the fo llo w in g  F ig u re  
256. In  this figure, the B C  is show n to have a re la tiv e ly  lin ear effect o v e r the range o f  h ig h  and 
average densities p ro file s  and ty p ic a lly  generates a lo w e r peak deceleration at lo w e r altitudes. F o r 
the low est d ensity p ro file  how ever, the increase in  B C  appears to increase the peak acceleration 
w h ile  the effect on the altitude is  s till a decrease.
F ig u re  256  -  In flu en ce  o f  th e  B C  on P ea k  A cce le ra tio n  L evel an d  A ltitu d e
T o  facilitate the inve stig atio n o f  future s im ila r  m issio n s, an e xp re ssio n  fo r the peak acceleration 
and its altitude have been d erive d  for a g iv e n  atm ospheric p ro file  and m issio n  B C . T he altitude o f  
the peak acceleration can be expressed from  the den sity o f  the top o f  the deceleratio n lay e r as:
hg max =  « Z /I(p 38) +  b +  a BC BC +  bBC
(186)
w here pig is  the density at 38 0 0 0 m , B C  the b a llis t ic  co e ffic ie n t and w ith  the fo llo w in g  variab les:
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a = 9 7 4 5 b =  1076 00
aBC= -1 4 3 .8 b BC= 6 4 0 0
T h e  first two param eters relate to the effect o f  the lo cal density on the altitude w h ile  the last two 
pro vid es the effect o f  the B C . S im ila rly , the peak acceleration can be found w ith the B C , the 
A tm o sp h eric D e nsity  Slope ap and the density at the top o f  the deceleration lay e r (/>?,?) such that:
S m a x
a  + ce , i~{ePs* + f )  + (*BC + j )
v “ J (187)
w here the va ria b le  are d efined  as:
c =  4 50 0 0 d =  28200
e =  -2 5 0 0 f=  1
i=  -1 .1 8 E -2 j =  0 .5 2 34
These exp re ssio n s p ro vid e  a q u ic k  w a y  o f  estim ating both these param eters w ith  m inim u m  inputs 
and have been show n to p ro vid e  an error w ith in  1 .7 %  and 4 .8 %  for peak g le vel and altitude 
resp ective ly  for the B C  chosen fo r the sm all m issio n  study fo r a ll the E M C D  V 4  p ro file s  
considered. T h is  error grow s to 3 %  and 10%  fo r the com b inatio n o f  in cre asin g  B C  and the low est 
E M C D  d en sity  p ro file .
Increasi ig BC 
/  1 5
I
■ ■ '''H  
■ . 0
%  P k
J :
\  6
1
me.
■
—
■ Computed BC 44
■ Computed BC 50.78
■ Computed BC 57.54
■ BC 44.00 
BC 50.78
■ BC 57.54
■
----------------- 1----------------------u
Deceleration [m/sA2]
F ig u re  257 -  C o m p u te d  P eak  g an d  A ltitu d e  A gainst R eferen ce  D ata
T h e  effect o f  lo w  den sity on the e a rly  events o f  the E D L  sequence can be sum m arised  as show n in 
T a b le  75 .
228
Chapter 5. Spatial and Atmospheric Influences on the Design o f EDLS
T a b le  75  - A tm o sp h e r ic  V a r ia b ility  - Im p a ct o f  L ow  D en sity  on E arly  E D L  E vents
A ltitu d e
H ig h -
M e d iu m
M e d iu m -
L o w
M e d iu m
C ro ss-O v e r
L o w
Peak H R  L e v e l In crease D ecrease Increase N o  C hange
Peak H R  A ltitu d e D ecrease D ecrease Increase N o Change
Peak g L e v e l In crease D ecrease In crease N o C h ang e
Peak g A ltitu d e D ecrease D ecrease Increase N o Change
Peak g T im e D ecrease In crease D ecrease N o  C hange
F o r a g ive n  entry v e lo city  and flight-path angle, the e arly  events o f  the E D L  sequence have been 
show n to be affected stron gly b y  the lo c a l atm ospheric variatio n s in  the deceleration layer. T h u s, 
b y  introd ucing the “ A tm o sp h eric D e n sity  S lo p e ”  param eter in ad d ition to a characteristic density 
and the m issio n  B C , both the peak g le vel and its altitude have been expressed fo r this scenario. In  
ad d ition, a num ber o f  exp re ssio n s have been d erive d  to estim ate ra p id ly  peak g le vel and its 
altitude w ith  m in im u m  inputs w ith  a reasonable error for e arly  conceptual phases.
5.2.2.2 Parachute deployments
F ig u re  251 cop ied  b e lo w  in  F ig u re  258 show s the im pact o f  a w id e range o f  atm ospheric 
co n d itio n s on the E D L  sequence.
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F ig u re  2 5 8 -  A tm o sp h er ic  V a r ia b ility  -  Im p a ct on th e  E D L S  S eq u en ce :
1 -D rogu e d e p lo y m e n t, 2 - M ain  d e p lo y m e n t, 3 -  H eatsh ie ld  S ep a ra tio n
T h e  deploym ent tim e and altitude fo r the parachutes is found to be dependent on a num ber o f  
factors. F irs t ly , h ig h  altitude d ensity v ariatio n  w ill  affect the tim eline fo r the parachute release 
from  entry, but does not affect the altitude o f  the release (D ataset 1). S e co n d ly, m edium  altitude 
v a ria b ility  d ra stica lly  affects the deploym ent altitude o f  the decelerators (D ataset 2). F in a lly , both 
the le ve l o f  the peak deceleratio n and its altitude, w h ich  depend them selves on the lo cal den sity as
M 2 4 _ A  V G _ 3 0 0 _ 0  
D u s t_ S  m a x _ 3 0 0 _ 0
-  D u s t_ S m a x _ 3 0 0 _ 6 0
-  C o id _ S m in _ 9 0 _ 0  
M E R 1
-  M G S _ D u st_ S c e n a r io
-  M CD  E S A  2 0 1 3
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show n p re v io u sly , have an im pact on the altitude o f  deploym ent o f  the decelerators. T he datasets 
show s that the lo w e r the altitude o f  the peak g, the lo w e r the altitude o f  deploym ent o f  the in itia l 
decelerator. But in few  cases su ch as in  Dataset 1, the two atm ospheric p ro file s  con verge in the 
m edium  and lo w  altitudes w h ile  the lo w e r d en sity  p ro file  generates a h ig h e r deceleration. T he 
com b inatio n o f  these two effects ca n ce ls the altitude shift one w o u ld  expect at parachute 
deploym ent lead ing to the two scen ario  to d ep lo y their parachute at the sam e altitude.
T hese effects can be sum m arised as sh o w n in  T a b le  7 6  below :
T a b le  76 - A tm o sp h e r ic  V a r ia b ility  - Im p a ct o f  L ow  D en sity  on P a ra ch u te  D ep lo y m en ts
A ltitud e
H ig h -
M e d iu m
M e d iu m -
L o w
M e d iu m
C ro ss-O v e r
L o w
D ro g u e  A ltitu d e N o  C h ange D ecrease In crease D ecrease
D rogue T im e D ecrease In crease N o C hange In crease
M a in  A ltitud e N o Chang e D ecrease In crease D ecrease
M a in  T im e D ecrease N o C h ang e Increase In crease
5.2.2.3 Landing Phase
A s  can be expected, the lan d in g  phase and the perform ance o f  the ae rod yn am ic decelerator re ly  
h e a v ily  on the lo cal atm ospheric co n d itio ns. T h e  fo llo w in g  fig ure show s the density p ro file s  for 
the selected atm ospheric m odels fo r the lo w  altitude layer.
D en sity  [kg/m A3]
F ig u re  25 9  -  A tm o sp h e r ic  V a r ia b ility  -  L ow  A ltitu d e  D en sity  P ro files
T h e  atm osphere affects two m ain aspects o f  the lan d in g  phase: the lan d in g  v e lo city  and the 
location o f  the lan d in g  site. D espite the in flu e n ce  o f  the atm osphere on the deploym ent sequence, 
the lan d ing  v e lo city  is u ltim ately dependent on the descent rate or v e lo c ity  o f  the decelerator 
system . A n a ly t ic a lly , this descent v e lo c ity  relie s e x c lu s iv e ly  on the lo cal density o f  the 
atm osphere leading to the e xp re ssio n  o f  the rate o f  descent V e:
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Ve =
2 Mt
S C ° r  ( 188 )
w here p  is the d ensity d u rin g  term inal descent. In  practice how ever, factors su ch as deploym ent 
altitude and length o f  the term inal descent can have a sig n ifica n t influe nce . In  addition, lo cal w in d  
co n d itio n s m ay in flu e n ce  both horizo ntal and ve rtica l lan d ing  ve lo cities. F o r the atm osphere and 
m issio n  considered, the effect o f  d ensity on the lan d in g  v e lo city  show s an increase o f  0.4 m /s per 
6e-3 k g /n r  lost at the lan d in g  site. F in a lly , the scen ario  based on the D u st-S m a x -30 0 -6 0  p ro file  
show s a v e ry  good lan d in g  speed thanks to a h ig h  den sity low er layer, m itigatin g the effect o f  a 
p a rticu la rly  lo w  d en sity  p ro file  in  the m edium  layer.
T h e  location o f  the lan d ing site is also  o f  interest. A rb itra rily , one co u ld  expect that the lo w e r 
den sity p ro file  w o u ld  result in a q u ick e r descent, shorter lan d ing p ro file  and consequently a 
lan d in g  site uprange from  the intended location. T h e  fo llo w in g  ho w e ve r show s that this is not the 
case and is actu ally  the opposite as show n in  F ig u re  260 and F ig u re  26 1. T h e  lo w e r the density 
p ro file , the lo w e r the drag o f  the ve h icle , lead ing  to a longer course. W ith  the deploym ent o f  
aerod ynam ic b ra k in g  su ch as parachutes, the term inal descent turns q u ic k ly  to ve rtical and lim its 
the range, assu m in g no g lid in g  and d rift w ith the local w ind . T he h igher the deploym ent o f  the 
parachute system , the shorter the range, but co n v e rse ly  the greater the u nco ntrolled  d rift due to 
w ind s.
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F ig u re  26 0  -  A tm o sp h e r ic  V a r ia b ility  -  F igu re  261 -  A tm o sp h e r ic  V a r ia b ility  -
L a n d in g  S ite  lo ca tio n  for  th e  A tm o sp h e r ic  D escen t P rofile  for  th e  a tm o sp h e r ic  M od els  
M od els c o n sid er ed  C o n sid e r e d
F o r a g ive n  descent system  and n e glectin g  w in d s, the lan d ing sites w ill  be located on a line w ith a 
range d ire ctly  proportio nal to the tim e o f  the peak deceleration, and b y extension altitude. T he 
fo llo w in g  F ig u re  262 co m p ile s the ranges and peak deceleration tim es fo r the vario u s atm ospheric 
m odels n o rm alised  b y the reference trajecto ry obtained w ith the reference atm ospheric m odel
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M 2 4 -a v g -3 0 0 -0 . In  addition, two data points referenced “ 0 B C 5 0 ”  and “ 5 B C 5 0 ” p ro vid e  the same 
info rm ation fo r a s im ila r scen ario  w ith  a B C  o f  50  for the atm ospheric m odels 0 and 5.
Term inal V e loc ity  [m/s]
F ig u re  2 6 2 - A tm o sp h er ic  V a r ia b ility  -  In flu en ce  
o f  th e  T im e  o f  P eak  D ece le ra tio n  on  the  R a n g e  
an d  L a n d in g  S ite  L o ca tio n
F ig u re  2 63- A tm o sp h er ic  V a r ia b ility  -  In flu en ce  
o f  lo ca l A tm o sp h er ic  D en sity  S lo p e  and  D en sity  
L evels on th e  T im e  and V e lo c ity  o f  Im p act
T h e  data show s that the tim e d ifferen ce  for the peak g w ith  respect to the reference trajectory can 
p ro v id e  even before lan d ing  an in d ica tio n  o f  the range from  the targeted location. It also co n firm s 
that as the B C  increases and the altitude o f  peak deceleration decreases, the trajectory and the 
lan d in g  site are m oved dow nrange. F in a lly , F ig u re  263 show s that both the tim e and v e lo c ity  o f  
im pact are in flu e n ce d  b y the A tm o sp h eric D e n sity  Slope and the d ensity le ve l in  the lo w e r 
atm ospheric layers w here the term inal descent o ccurs. W ith  p ro file s  5 ( M C D  M G S  D u st) and 6 
( M C D  E S A  2 0 1 3 )  that bound the den sity range show n in F ig u re  259, the fig u re  show s that as the 
d ensity decreases, the tem inal v e lo c ity  d ra stica lly  increases. In  addition, it show s that an increase 
in  A tm o sp h eric D e n sity  Slope ( a p) for in flu e n ce s the term inal v e lo city  s ig n ifica n tly : the p ro file  2 
- the low est d ensity p ro file  at the top o f  the term inal descent atm ospheric la y e r - has a density 
slope sh a llo w  enough to offset the in itia l effect o f  the lo w  density and s ig n ific a n tly  decrease the 
term inal ve lo city.
In  this chapter, the E D L  sequence and the E D L  system s have been show n to be affected b y a 
num ber o f  spatial and atm ospheric factors. A  range o f  typ ica l m issio n s such as the penetrators and 
the sm a ll m issio n  V a n g u ard  concepts have been put through their paces to investigate the effect o f  
the g eographic location and altitude on the d esign and perform ance o f  the E D L S . T h is  data has 
then been co m p ile d  into a num ber o f  m aps fu sin g  heterogeneous data and enhance the perception 
o f  the im pact o f  sp e cific  v a ria b le s, as illu strated  b y the access m ap based on so il properties and
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altitude m ap fo r the penetrator m issio n s. In  ad d ition these m aps p ro v id e d  fo r the sm a ll m iss io n  
concept w hat is  in  essence an E D L S  m ap that sum m arises the E D L S  requirem ents to reach a 
s p e c ific  lo catio n  at a s p e c ific  altitude.
In  the second part o f  this chapter, the in flu e n ce  o f  the atm osphere on the E D L  sequence has been 
investigated w ith  a system atic ap proach to characterise  the in flu e n ce  o f  lo w -d e n sity  p ro file s  in  
s p e c ific  altitude ranges. It  w as sh o w n  that b y  in tro d ucin g  the atm ospheric d en sity  slope 
param eter, d ifferen t from  the atm ospheric scale  height, the b eh a vio u r o f  the pe ak  g and its altitude 
c o u ld  be p re c is e ly  estim ated fo r v a ry in g  atm ospheric densities patterns and b a llis t ic  co e fficie nts. 
In  addition, the fin a l lo catio n  o f  the la n d in g  site has been show n to be lin k e d  to v e ry  e a rly  events 
o f  the E D L  and that b y  und erstand ing its tim eline, and in  p a rticu la r the tim e at w h ich  the peak 
deceleration occurs, the fin a l range o f  the trajecto ry  can be estim ated before the probe has even 
landed. F in a lly , the atm ospheric d en sity  slop e has fo u n d  to be u se fu l in  estim ating the b eh a vio u r 
o f  the prob e clo se  to im pact and in  p a rtic u la r h o w  the effect o f  the lo w  d en sity  effect o f  the 
descent can be offset b y  a p ro file  that e xh ib its a h ig h  d ensity slope, lim itin g  the term inal v e lo c ity  
w h ile  shortening the tim eline.
233
Chapter 6.Further Work and Conclusion
Chapter 6
Further Work and Conclusion
6.1 Fulfilment of Objectives
T h e  entry, descent and la n d in g  phases are som e o f  the m ost d iff ic u lt  segm ents o f  a ty p ica l 
p lan etary  m issio n . T h is  w o rk  w as p e rform ed  to ach ieve  a nu m ber o f  ob jective s and an sw er a 
nu m ber o f  academ ic, p ra ctica l and then fundam ental issu es as stated in  C ha p te r 1.
T h e  first  ob jective, o f  acad em ic nature w as to con d uct a re v ie w  o f  the m ajo r E D L  system s and 
co m p ile  this k n o w led g e  in  a s in g le  reference docum ent. E a rly  in  Chap ter 2 the reader has been 
fa m ilia rise d  w ith  the v a rio u s  entry, descent and la n d in g  phases and the system s associated to each 
o f  them, from  heatsh ield  and therm al protection system s d ow n to la n d in g  im pact and penetration. 
T h e  literature re v ie w  then presented the w o rk  in  the fie ld  o f  E D L  system  d esig n  fro m  a System s 
E n g in e e rin g  p ersp ective  to understand the inter-relations o f  one system  on another. T h is  
e x e m p lifie d  the need fo r an end-to-end an a ly sis  o f  the E D L  phase to appreciate the d esign o f  the 
E D L  system  as a w h o le  and id e n tify  the extents o f  the trade-spaces and d esig n  dom ains. B u t the 
need fo r new  designs has to be b alanced  b y  the p o ssib le  reuse o f  h ardw are and m ethods fro m  past 
m issio n s. T h e  co m p ila tio n  o f  past m iss io n  data and d esign m ethods em phasised  the im portance o f  
heritage in  the d esign o f  n e w  m issio n s b y  sh o w in g  fe w  generations o f  system s lik e  the V ik in g  
ae ro sh ell o r parachute reused fo r new  m issio n s. F in a lly ,  the re v ie w  o f  the tools a va ila b le  to 
m iss io n  analysts show ed a v e ry  heterogeneous environm en t o f  softw are and m ethods. S in ce  no 
sim u la tio n  fram e w o rk w as d ire ctly  a v a ila b le  to p e rfo rm  the current stu d y w ith  the req u ired  
f le x ib ility  and resolu tion, this fra m e w o rk  w as to be designed p r io r  to the m ain  investigation.
C hapter 3 fu lf ille d  both the acad em ic and p ra ctica l ob jective s b y  d iscu ssin g  the developm ent o f  
the com putational fra m e w o rk S P A D E S  as w e ll as a n um ber o f  other tools to p e rfo rm  the an aly sis 
and the d esig n  o f  a num ber o f  system s that co m p rise  the E D L S . Starting from  a d escrip tio n  o f  the
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E D L  phase fro m  d ifferen t persp ective s, the pu rpo se and the o v e ra ll architecture o f  the fra m e w o rk  
has been presented. T h e n, a ll the m ajo r m od els and assum ption have been la id  out to sim ulate and 
size  a nu m ber o f  entry, descent and la n d in g  subsystem s fro m  heatsh ield  to in fla ta b le  structures, 
and fro m  p ow ered la n d in g  to penetrators. In  addition, w e focused on a num ber o f  issues related to 
the lan d in g  site and the im portance o f  its ch aracterisatio n as an integ ral p art o f  the d esign process. 
T h e n , a b r ie f  o v e rv ie w  w as g iv e n  o f  the im plem entation o f  a ll these m od els into the fram e w o rk as 
w e ll as a ll the va rio u s  design, p ro ce ssin g  and an a ly sis  tools su ch  as graphs, 3 D  topography and 
exp o rt ca pa b ilitie s. F in a lly , the fra m e w o rk has b een valid ate d  against past m iss io n s and has been 
sh o w n  to p ro v id e  v e ry  good co rrela tio n  o f  E D L  param eters fo r a num ber o f  ty p ic a l m issio n s. N o w  
it is  p o ssib le  to turn o u r attention fro m  the reco n stru ctio n  o f  k n o w n  data to the e valu atio n  o f  new  
concepts, o r the in ve stig a tio n  o f  m ore fund am ental issues such as the in flu e n ce  o f  the lan d in g  site 
lo catio n  and the ro le  o f  the atm osphere on the s iz in g  o f  the E D L  System.
C hapter 4  concentrated on m ore p ra ctica l issue s o f  E D L  system  design, b u ild in g  on the 
kn o w led g e  gathered in  C hapter 2 and 3 and the tool developped in  C hapter 3. A  num ber o f  case 
studies, the V a n g u a rd  m iss io n  and the E S A  M a rs  sam ple return p ro p u lsio n  scalin g , h ave been 
investigated, fu lf illin g  the p ra ctica l o b jective  o f  this w o rk. T h e  V a n g u a rd  m iss io n  is  a new  
a stro b io lo g y -fo cu sed  concept a im in g  at in ve stig a tin g  surface and su b -su rfa ce  lo catio n s fo r traces 
o f  past o r present life . In  its cu rrent co n fig u ra tio n  it accom m odates the E n d u ran ce  ro v e r and the 3 
O rpheus m oles w ith  a total m ass o f  69.4 kg. T h e  lo catio n  o f  the lan d in g  site on E ly s iu m  P la n itia  is  
in  the re g io n  d efin ed  b y  E S A  as a p otential ‘ fro zen  sea’ and is  w e ll suited fo r the V a n g u a rd  
m iss io n  both in  term  o f  potential s c ie n tific  return (w ater detection, traces o f  life ) and lan d in g  site 
characteristics (e levatio n, slopes and terrain). H e re  both a co n ven tio nal and an inflatable-b ased  
E D L S  have been investigated, size d  and an alysed  sh o w in g  that fo r the m ass o f  the m iss io n  
(1 4 0 k g ), the selected atm ospheric co n d itio n s and lan d in g  site, the co n ven tio n al option p ro v id e  an 
optim um  best p ay lo a d  ratio  o f  0.6. T h e  IB D  co n fig u ra tio n  has been fou nd  to be interesting in  its 
ow n right b y  p ro v id in g  access to h ig h e r la n d in g  sites, but this co n fig u ra tio n  is not com petitive  fo r 
this la n d in g  site and m iss io n  constraints. F o r  the E S A  M S R , the stud y set out to investigate the 
re c ip ro ca l s c a la b ility  o f  a sm a ll d em onstration lan d er M D L 2  u p  to the size  req uire d  to p e rfo rm  
m ore co m p le x and ch a lle n g in g  w o rk  su ch  as the E S A  M a rs  Sam ple R etu rn  concept. A  6 D o F  
m od el has been d eveloped  to sim ulate the term in al descent and lan d in g  o f  the v e h ic le  and 
investigate the effects o f  the m ass o f  the descent m odule on the thrust req u ire d  fo r the m ain  
d eceleratio n and the attitude co n tro l system , A  p u lse -w id th  m od ulation actuation schem e has been 
cho sen fo r both the constant v e lo c ity  term in al descent and the attitude con trol system . T h e  stud y 
show s that it is  a v ia b le  option from  a d yn am ic p o in t o f  v ie w  and co n firm s that the chosen control 
b and w id th  and A C S  thrusters selected p ro v id e  adequate attitude control. Som e o f  the o s c illa to ry
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b eh a vio u rs o f  the lan d er d u rin g  the constant v e lo c ity  descent have been characterised, and found 
not to be c rit ic a l w ith  the current la n d in g  assum ptions.
F in a lly , based on the fu lfillm e n t o f  both the academ ic and p ra ctica l ob jective s, C hap ter 6 
investigated m ore fundam ental issues. In  this chapter, the E D L  sequence and the E D L  system s 
h ave been show n to be affected b y  a nu m ber o f  altitude and atm ospheric factors. A  range o f  
ty p ica l m issio n s su ch  as the penetrators and the sm a ll m iss io n  V a n g u a rd  concepts h a ve  been put 
through their paces to investigate the effect o f  the geograp hic lo catio n and altitude on the design 
and perform ance o f  the E D L S . T h is  data has then been co m p ile d  into a num ber o f  m aps fu sin g  
heterogeneous data and enhance the p e rce p tio n  o f  the im pact o f  s p e c ific  v a ria b le s, as illu strated  
b y  the access m ap based on s o il properties and altitude m ap fo r the penetrator m issio n s. In  
ad d ition these m aps p ro vid e d  fo r the sm a ll m iss io n  concept an E D L S  m ap that sum m arises the 
E D L S  requirem ents to reach a s p e c ific  lo catio n  at a s p e c ific  altitude. In  the second part o f  this 
chapter, the in flu e n ce  o f  the atm osphere on the E D L  sequence has been investigated w ith  a 
system atic approach to characterise the in flu e n ce  o f  lo w -d e n sity  p ro file s  in  sp e c ific  altitude 
ranges. It  w as sh o w n that b y  in tro d ucin g  the atm ospheric den sity slope param eter, different fro m  
the atm ospheric scale  height, the b e h a v io u r o f  the peak g and its altitude co u ld  be p re cise ly  
estim ated fo r v a ry in g  atm ospheric densities patterns and b a llis tic  co e fficie n ts. In  addition, the 
fin a l lo catio n  o f  the lan d in g  site has been sh o w n  to be lin k e d  to v e ry  e a rly  events o f  the E D L  and 
that b y  understanding its tim eline, and in  p a rticu la r the tim e at w h ic h  the peak deceleration 
o ccurs, the fin a l range o f  the tra je cto ry  can be estim ated before the probe has even landed. 
F in a lly , the atm ospheric d ensity slope has fo u n d  to be u se fu l in  estim ating the b e h a vio u r o f  the 
prob e clo se  to im pact and in  p a rtic u la r h o w  the effect o f  the lo w  den sity effect o f  the descent can 
be offset b y  a p ro file  that e xh ib its a h ig h  d ensity slope, lim itin g  the term in al v e lo c ity  w h ile  
shortening the tim eline.
A l l  in  a ll, the academ ic, p ra ctica l and fundam ental ob jectives set at the b e g in n in g  o f  this w o rk  
h ave been fu lfille d . T h is  w o rk  has p ro vid e d  a synthesis o f  k no w led g e  c o v e rin g  a w id e  m u lti­
d is c ip lin a ry  fie ld , new  d esign tools and m ethods, new  m iss io n  concepts and a better 
understanding o f  som e o f  the issu es o f  the E D L  system  d esign and p erform ances in  unp red ictab le  
atm ospheric con d itio ns.
6.2 Future work and New Technologies identification
T h e  studies presented in  this docum ent w ere based on sp e c ific  m iss io n  assum ptions and 
constraints that shaped som e o f  the tools and m ethods used to d esign the E D L S  concepts. 
A ssu m p tio n s su ch  as the b a llis t ic  entry constraint o r the em phasis on the m ech an ical s iz in g  m ade 
the im plem entation in  the fra m e w o rk  o f  a f u ll  6 D o F  m odel unnecessary. N evertheless, i f  the
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fra m e w o rk  is  to be developed  further as a f u lly  featured stand-alone tool, the in c lu sio n  o f  the 
6D 0F  w il l  be a s ig n ifica n t ad d itio n  to com plem ent the d esign and a n a ly sis  tools a lre ad y 
im plem ented. T h is  w o u ld  a llo w  studies to be perform ed  in  an integrated m anner and p ro v id e  
ca pa b ilitie s s im ila r  and co m p le m e ntary to e xistin g  softw are fo r a fra ctio n  o f  the le arn in g  curve. 
T h e  current fra m e w o rk  is  a lso  lim ite d  in  the type o f  aeroshell it can s ize  b y  concentrating on 
sphere-cone geom etries fo r b a llis t ic  entries. A lth o u g h  the fra m e w o rk  co u ld  accom m odate va rio u s 
L /D  ratio from  lo w  to m edium , the aerod yn am ic d erivatio n s cannot cu rre n tly  cope w ith  other 
shapes or w ith  h ig h  L /D  ratio  that w o u ld  cause a h ig h  angle o f  attack 011 the aeroshell. T h e  
fra m e w o rk  w o u ld  ce rta in ly  ben efits fro m  the ad d itio n  o f  aeroshell shapes su ch  as asym m etrical 
sphere-cone o r e llip s le d , but also  w ith  the ad d ition o f  im p ro ve d  aerod yn am ics to cope w ith  any 
shape, p o te n tia lly  through the d iscre tisa tio n  o f  the ae ro sh ell surface and the im plem entation o f  a 
p a n e l m ethod to d e riv e  the aero d yn am ic co e ffic ie n ts. A d d itio n a l fu n ctio n alitie s  su ch as sensor 
m o d e llin g , better parachute and in fla ta b les in fla tio n  d yn am ics m ay be envisag e d  to im p ro ve  the 
sim u la tio n  accu ra cy  and test n e w  E D L S  deploym ent schem e and algorithm s. F in a lly  a num ber o f  
gu id ance  algorithm s can be im plem ented to investigate p in p o in t lan d ing  w hether it m ay be w ith  
p ro p u lsio n  system  o r steerable parachutes d esigns as dem onstrated b y  B e n n e y  [B enn ey, B a rb e r et 
al. 2 0 0 5 ].
T h is  research also u n co vered  som e interesting facts w o rth y o f  further in ve stig a tio n  in  the future. It  
w as fou nd  that the types o f  parachute used  fo r p lan etary  e xp lo ra tio n  w as lim ite d  to rin g sa il, 
r ib b o n  and disk-gap-b and . T h e  literature re v ie w  h o w e v e r show ed  h o w  the c lo v e r le a f  parachute fo r 
exam ple co u ld  p o te n tia lly  lim it  the h o rizo n tal v e lo c ity  d u rin g  the descent, w h ic h  rem ains one o f  
the m a in  h u rdles fo r an y la n d in g  system . In v e stig a tio n  o f  new  o r re-engin eered  co n fig u ra tio n s 
w o u ld  therefore be e xtrem ely  b e n e fic ia l to the fie ld . In  addition, the real-tim e sim u la tio n  o f  
in fla ta b le  descent and lan d in g  system s m a y  also be w ith in  reach. D u rin g  this study, the author 
investigated the real-tim e s im u la tio n  o f  soft b o d ies su ch  as airbag w ith  a technique developed b y  
M a c ie j M a ty k a  from  the U n iv e rs ity  o f  W ro c la w . T h is  technique s t ill in developm en t is  based on a 
s im p lifie d  com putational schem e p ro v id in g  re a listic  deform ation o f  in fla ta b le  structures subject to 
intern al p ressure as sh o w n  F ig u re  264. T o d a y  su ch  sim u la tio n s take d ays, b ut this technique m ay 
p ro v e  s u ffic ie n tly  accurate to p e rfo rm  b a sic  testing o f  in fla ta b le  structures su ch as inflatable  
deploym ent sim u la tio n , ro ck  interference at la n d in g  and system  s iz in g  a ll in  a near real-tim e 
environm ent. T h is  c a p a b ility  co u ld  be re a d ily  be integrated in  the S P A D E S  environm en t and 
re in fo rce  its sim u la tio n  ca p a b ilitie s.
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F ig u re  264 -  S o ft  B od y  R ea l T im e  sim u la tio n  o f  a B o u n c in g  ball w ith  d e fo r m a tio n s . V e lo c ity  v ecto rs  
sh o w n . F ra m e rate: 5 0 fp s . D eta ils: 3 2 0  fa ces (162  v er tice s ).
In  addition, the author investigated b rie fly  the use o f  T en seg rity  structures and in  p articu la r a new  
concept used in architecture ca lle d  T e n s a ir ity ®  that m ay p ro vid e  an unexpected so lu tio n  to 
keepin g  a better aerod yn am ic shape o f  in flatable  structures and for p o ten tia lly  a lo w e r m ass. In  
m ech anics and b io m ech an ics, tensegrity o r tensional integrity is  a property o f  objects w ith 
com ponents that use tension and com p ressio n  in  a com bination that y ie ld s  strength and re silie n ce  
beyond the sum  o f  their com ponents [W ik ip e d ia  2 005], A s  described by L u ch sin g e r [L u ch sin g e r, 
Pedretti et al. 2004b]: “ A  T e n s a ir ity ®  beam  con sists o f  a sim ple airbeam  (a c y lin d ric a l m em brane 
fille d  w ith  pressured a ir), a co m p ressio n  elem ent tightly  connected to the airbeam  and two cables 
ru n n in g  in  h e lica l fo n n  around the airbeam . T h e  cables are connected at both ends w ith  the 
com p ressio n  elem ent. A  test bed to dem onstrate the ca p a b ilitie s o f  the T e n s a ir ity ®  concept w as 
b u ilt  in the shape o f  a sm all ca r b rid ge w ith  8 m  span and 3.5 tons m axim a l load (F ig u re  2 6 5). 
C o m p ared  to a traditional pneum atic structure, the insid e  pressure o f  the concept is 4 00 m bar 
w here 15 bar o f  pressure w o u ld  be req uired  for a sim p le  inflatable  structure resistin g the same 
load. T h is  con structio n results in  a lig h ter con structio n and p ro vid e  greater safety m argin  than 
p u re ly  pneum atic solutions.
F ig u re  265  - T e n sa ir ity ®  d e m o n str a tio n  b r id g e  w ith  8 m sp an  an d  3 .5  to n s m a x im a l load .
(L u ch sin g er , P ed retti et al. 2004a]
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6.3 Conclusion
T h is  w o rk  has sh o w n the in te rle a v in g  processes and system s o f  the E D L S  and covered  a ll the 
m ajo r aspects o f  the E D L  sequence. H ere, d esig n  m ethods h a ve  been com piled , d erive d  and 
updated to p ro v id e  the reader a s in g le  p lace  to start d esigning  co m p le x  m iss io n s fro m  orb it to 
ground. N e w  tools h a ve  been designed to em pow er m issio n  an alysts to assess q u ic k ly  the 
fe a s ib ility  and perform ances o f  p lan etary  m issio n s, w h ile  the effect o f  the altitude and the 
atm osphere have been characterised  fo r a num ber o f  p lan etary m iss io n  scen arios.
T o d a y ’ s context in  the fie ld  o f  p lan etary  e xp lo ra tio n  is  quite u n iq u e  com pared to past 
program m es. A fte r  a re la tiv e ly  lo n g  gap o f  few  decades, the pace at w h ic h  future planetary 
e xp lo ra tio n  m iss io n s are b ein g  co n ce ive d  and designed is  in cre asin g . A ls o , new  e xcitin g  
destinations are b ein g investigated  w hether it is  to Jupiter, E u ro p a, C a llis to  or a return to T ita n  
and V e n u s. F in a lly , m anned m issio n s are p e n c ille d  to both the M o o n  and M a rs  in cre a sin g  the 
stakes on the techn olo gy d evelopm ent and m iss io n  re lia b ility . H o w e ve r, the m ajo r d ifferen ce  w ith  
past program m es m ay be the w a y  future m issio n s w i l l  be m anaged and financed. U n ila te ra l efforts 
and co lo ssa l budgets o f  the e a rly  d ays are in c re a s in g ly  b ein g replaced  b y  m u ltin atio n a l p u b lic  and 
p riv a te  ventures and cost-cap ped  program m es. In  this n e w  ch a lle n g in g  and e xc itin g  environm ent, 
constraints w il l  w ithout a doubt fu e l cre a tiv ity  w h e re  new  and in o v ative  so lu tio n s w ill  need to m ix  
w ith  heritage and p ro v e n  technologies.
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Appendix A -  Past Missions Database
H ereafter are presented a se le ctio n  o f  crite ria  from  the Past M is s io n  D atabase developed 
throughout this study. It  co m p ile s, w here a v a ila b le  and relevant, the p u b lic  data from  a nu m ber o f  
p lan etary  m issio n s to M a rs, V e n u s  and T ita n  and p ro v id e s a num ber o f  u se fu l co m p ariso n  datasets 
fo r new  m issio n s.
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F ig u re  26 6  -  V a n g u a rd  M a rs M ission  T r a d e -T r e e  P art 1
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F ig u re  2 67  -  V a n g u a rd  M a rs M ission  T r a d e -T r e e  P art 2
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Appendix B -  Current State-of-the-art of 
EDLS Design Tools
T o  place the developm ent o f  the com putational fram ew ork S P A D E S  into perspective, the 
fo llo w in g  tables co m p ile s a ll the m ajor softw are used in the design and a n a ly sis  o f  E D L  phases 
and system . D ue to the nature o f  som e o f  these softw are, som e o f  this data w as u n a va ilab le  and 
the m issin g  sp ecificatio n s w ill  be noted “ no sp ec” . T h is  table show s that S P A D E S  fits w e ll in the 
m issio n  analyst o r system  engineer toolb ox b y  p ro v id in g  ca p a b ilitie s com plem entary to softw are 
such as S T K  and does not req u ires a s ig n ifica n t o f  tra ining  to produce m issio n  scen ario  com pared 
to m ost o f  the softw are presented here.
T a b le  B -77  - E n tr y  S o ftw a r e  C o m p a r iso n , V ita l S ta tist ic s
S o ftw a r e  A S T O S P O S T O T IS A E P L D S E N D S S T K S P A D E S
A eroSpace Program m  to Optim al Atm ospheric A High- Satellite Softw are
Trajectory O ptim ize T rajectories -Entry, Fidelity Tool Kit too ls
O ptim ization Space by Im plicit Powered- Dynam ics providing
Softw are T rajectories Sim ulation Landing and 
Spacecraft 
Sim ulator 
for Entry, 
Descent and 
Surface
A n alysis and 
D esign  o f  
Entry 
System s
Landing
D ev e lo p p ers
TTI
G m bH /ESA
Lookheed/N  Boeing/N A S 
A SA  LaRC A G len
JPL JPL AG I E .A llou is
R e-en try
ca p a b ilitie s
yes yes yes yes yes no yes
F irst
V ersio n
1989 1977 1980 no spec 2002 no spec 2 0 0 4
L a n g u a g e ada95 Fortran Fortran no spec Java no spec C /V B
P la tfo rm
W in and 
Unix
W in/U nix no spec no spec Unix W in/U nix W in
A v a ila b ility W orld US only US only US only
assum ed US 
Only
W orld T B D
P rice N/A N/A N/A N/A N/A N /A N /A
U ser  L evel
(1 -lo w  5- 4 5 5 no spec 4 4 2
h igh )
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T a b le  B - 7 8 - E n tr y  S o ftw a r e  C o m p a r iso n , P r e -P r o c e ss in g  C a p a b ilit ie s
S o ftw a re A S T O S P O S T O T IS A E P L D S E N D S S T K SPADES
M ainly
P ro jec t se tu p
D atafiles or 
through 
G ESO P
D atafiles or 
through 
com m ercial 
addon 
EasyPost
Datafiles no spec N/A
Gui and 
Datafiles
Gui and 
D atafiles
D esign Data files D atafile Datafile no spec N/A, G U I ? Gui and 
Datafiles
Gui and 
D atafiles
E v e n ts se tu p no spec
M anual in 
datafile
M anual in 
datafile no spec N/A
Gui and 
Datafiles
G ui and 
D atafiles
D esign
A ero sh e ll
no spec no no no spec no no Y es
D esign
no no no no no Y es
P a ra ch u te
D esign
L a n d in g no no no no no Y es
S y stem
T a b le  B -79  - E n tr y  S o ftw a r e  C o m p a r iso n , P ro cess in g  C a p a b ilitie s
S o ftw a re A S T O S P O S T O T IS A E P L D S E N D S S T K SPADES
3D yes yes yes yes yes yes y es
Y es ,
6D yes yes yes no yes yes Through
SP A D E S /P L
Prom is /
Tropic
addons,
SOCS
(B oeing
license)
and
CA M TO S
M ethod o f  
Useable and
SLSQ P,
SN O PT
yes, when 
linked to 
M odelC enter 
through 
STK / 
A nalyzer
O p tim isa tio n Feasible 
D irections / 
NPSOL
(sparce
optim iser),
N PO PT
no spec Assum ed no no
O p tim isa tio n
se tu p
Program m
ing/Scripts
program m ing program m ing no spec A ssum ed no
A ssum ed
GUI
no
E vents no spec yes yes no spec yes
yes, but not 
for reentry y es
M u ltib o d y
D y n a m ic s
no
capable
through
program m ing
no spec no yes no
M u ltib o d y
T r a je c to r y
yes A ssum ed
capable
no spec no spec N/A A ssum ed
yes
y es
A u to m a tio n
T r a d e -o ffs no spec no spec no spec no spec no spec
yes, when 
linked to 
M odelC enter 
through
y es
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no spec/ STK/
M o n te -c a r lo no spec assum ed yes assum ed like 
PO ST
no spec no spec A nalyzer y es
D istr ib u tio n no spec
uniform ,
gaussian
no spec/ 
assum ed like 
POST
no spec no spec various
uniform ,
gaussian
Direct
In teg ra tio n
sc h e m es
no spec DirectShooting
Shooting
C ollocation
M ethod
no spec no spec various various
E n try yes yes yes no spec yes No yes
D escen t Yes yes yes no spec yes No y es
L a n d in g N o no no no spec planned No y es
P ow ered
D escen t
/L a n d in g
no no no yes yes No
y es , through  
S P A D E S /P L
H azard
a v o id a n ce
no no no no yes No no
P en etra tio n no no no no planned No y es
T a b le  B -80  - E n tr y  S o ftw a r e  C o m p a r iso n , P o st-P ro cess in g  an d  A n a ly sis  C a p a b ilitie s
S o ftw a re A S T O S P O S T O T IS A E P L D S E N D S S T K S P A D E S
G U I
Through
G esop
through
easyPO ST
no no yes yes y es
G ra p h s G ESO P no spec no no yes yes yes
T  r a d e -o ff no spec no spec no spec no spec no spec no spec y es
no, only
E llip ses no spec no spec no no assum ed yes display from y es
input data
T e rra in
D E M
No no no no yes yes y es
D ata
E x c h a n g e
E xcel
E x p o rt
yes through
easyPO ST no no spec no no
y es
C A D  S o lid
m od e l no no no no spec no no y es
ex p o rt
M atlab yes no no no spec yes yes no
M a tla b
In terfa ce
yes no no N?A yes yes no
S T K yes no no no spec no yes no
D ecis io n  
F a cto r  an d  O ptim isation 
h ig h lig h ts
H eritage O ptim isation -
R eal-Tim e
A pplication
G ood for 
everything 
but Reentry
E nd-to-End
analysis
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Appendix C - Derivation of a 6D0F Model
In  this section the m athem atical develop m en t o f  a 6D 0F  m odel is  presented. It  w il l  co v e r the 
m ethod olo g y used to d eve lo p  the m od el fro m  the ch o ice  o f  reference fram es to the d erivatio n  o f  
the equations o f  m otion that w il l  be im plem ented in  a M a tla b /S im u lin k  m odel to investigate 
p ro p u ls iv e  lan d in g  on M a rs.
In  ord er to investigate the d yn a m ics and the con trol o f  a lan d er d urin g  term in al descent, it is 
n e ce ssary  to d erive  the law s that g o ve rn  its m otion. T hese law s are expressed in  a set o f  
coordinates system s and reference fram es that need to be defined to ensure the m odel is  fle x ib le , 
b ut not too co m p le x to w o rk  w ith. F o r  the pu rp o se  o f  this study, the central b od y, o r planet, is  
assum ed to be inertia l. T h is  pro p erty  states that it w il l  not m ove around the sun o ve r the 
s im u la tio n  period. T h is  h o ld s true assu m in g  that the w h o le  entry descent and lan d in g  sequence is  
u s u a lly  perform ed  in  u nd er 10 m inutes. T h is  p lan et centred in e rtia l fram e noted (x P,y P,zP) is 
centred on the centre o f  the p lan et w ith  x P p o in tin g  to the 0 deg lon g itu d e lin e  in  the equatorial 
plane, Z P points tow ard the north p o le  and y p com pletes the system . T h e  forces on the v e h ic le  w il l  
be expressed  in  the B o d y  fram e noted ( x B,y B,zB). Centred  on the v e h ic le  centre o f  m ass, it lie s  
co n ve n ie n tly  on the b o d y  p rin c ip a l m om ent o f  inertia: x B p oin ts tow ards the nose o n the m ain  a x is  
o f  sym m etry o f  the v e h ic le , z B in  the p lan e  o f  sym m etry o f  the v e h ic le  p o in tin g  d ow nw ard , and y B 
com pletes the system . T h is  b o d y -fix e d  fram e fo llo w s  the b o d y  both in  tra n slatio n a l and rotational 
m otion. T h e  d erivatio n  o f  d yn am ics equations w il l  be perform ed in  the L o c a l H o rizo n ta l fram e 
noted (xn,yn,Zn). Centred  on the centre o f  m ass o f  the b o d y again, x H p o in ts no rth  w h ile  z H points 
tow ard the centre o f  the In e rtia l fram e, and y H com plete the system . It  can be deduced q u ic k ly  that 
the g ra v ity  com ponent w il l  be in  its sim p le st form  in  this frame. T h e  v e lo c ity  vecto r and other 
aerod yn am ics forces w il l  be e xpressed  in  the W in d  fram e noted (xw,yw,zw) w h e re  x w lie s along 
the v e lo c ity  v e cto r re la tive  to the atm osphere, z w is  in  the b od y p lan e  o f  sym m etry p o in tin g  
d ow nw ard s and yw com pletes the system . F in a lly ,  because the stud y w il l  be d erive d  fo r a 
sp h e rica l and rotating bod y, a G ro u n d  o r G e o g ra p h ic  fram e (x G,y G,zG) is  created. T h is  reference 
fram e is  centred at the intersectio n o f  the equatorial p lan e  and the 0 degree lon gitu d e lin e  at the 
su rface  o f  the planet. It  is  d efin ed  w ith  x G p o in tin g  N o rth  and zG p o in tin g  tow ard the centre o f  the 
planet. y G com pletes the system  p o in tin g  East. T h e  fo llo w in g  F ig u re  268 sum m arises a ll the 
reference fram es d efin ed  above around the central in e rtia l b o d y as w e ll as the lo c a l angles used to 
defin e these fram es. F ig u re  269 h ig h lig h ts the relatio ns betw een the b od y, h o rizo n tal and w in d  
fram es.
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Figure 268 - Reference Frames for the 6 DoF Entry Model
Yh = Yw = Yb
Figure 269 - Local Horizontal, Wind and Body reference frames shown here in the context of a 3DoF 
study. The 6D0F frame includes the angle beta between Yw and Yb, and the yaw angle between Yh
and Yb.
A t va rio u s stages in  the developm ent o f  the equations o f  m otion, entities su ch  as vectors need to 
b e transform ed from  one reference fram e into another. T h is  process is done w ith  the help o f  direct 
co sin e  m atrices (D C M ). T h e  w o rk  o f  E u le r  has show ed that it is  p o ssib le  to transform  o r relate 
two reference fram es b y  at m ost 3 rotations. T h e se  rotations are referenced as b e in g  rotations 1, 2, 
3  around axes x, y , z resp ective ly . T h e  transfo rm ation fro m  reference fram e 1 to reference fram e 2 
is  done b y  m eans o f  the D C M  R 2_i so that x2 = R0-W1 > w here x t and x 2 are the sam e vecto r 
exp ressed  in  reference fram es 1 and 2 resp ective ly . A ssu m in g  a 3-2-1 rotation sequence, the D C M  
is fou nd  in  agreem ent w ith  references [Z ip fe l 2 0 0 1 ; M athw orlcs 2 004 ] to be:
DCM =
cos#  cos if/ cos#  sin y/ - s in #
-  cos ^ sin tp + sin  <f>s in # cos y/ cos cos y / +  sin 0 sin # sin y/ sin 0 cos#  
sin y) sin y/ + c o s  s in #  co sy / - s in ^ c o s y /  +  co sy$sin # sin y' cos (f> cos# (189)
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T o  ensure a coherent notation schem e, the fo llo w in g  con ven tio ns h ave been adopted throughout 
the developm ent o f  the equations o f  m otion. S u b scripts are used fo r points and superscripts fo r 
fram es, both in  capitals. T en so rs are exp ressed  as fo llo w : the v e lo c ity  o f  the p o in t C  w ith  respect 
to the fram e G  is  m o d elle d  b y  V f  . T h e  an g u lar v e lo c ity  ve cto r o f  fram e G  w ith  respect to fram e P
is  therefore coGP. T en so rs expressed  in  a coordinate system  are e xpressed  w ith  square brackets 
w ith  the p a rticu la r coordinates system  id en tifie d  as a ca pita l superscript. W ith  the e xam ple above, 
the v e lo c ity  o f  the p o in t C  w ith  respect to the fram e G  expressed in  term s o f  P is  m o d elle d  b y
[ty6 ]P . S im ila rly , the an g ular v e lo c ity  v e cto r o f  fram e G  w ith  respect to fram e P expressed in
term s o f  B  is therefore jj®c P1]B.
In  the m o d e llin g  o f  the m otion o f  the lander, here referred to as the b od y, u n co up le d  translational 
and rotational m otions h a ve  been considered. T h is  u n co u p lin g  betw een translational and 
rotational m otion is  w id e ly  accepted as d iscussed  in  R e g a n  [F J .R e g a n  19 9 3] and w ill  be used 
b e lo w  to b u ild  the equations o f  m otions (E O M ). T h e  translational d yn am ics is  a representation o f  
the point-m ass tra jecto ry m o tio n  w hereas the rotational d yn am ics represents the r ig id  b od y 
attitude m aneuvers. In  order to s im p lify  the e xp re ssio n  o f  the E O M s , the inherent f le x ib ility  o f  the 
craft w il l  be ignored. N e w to n ia n  m ech an ics states that the sum  o f  the forces a p p lie d  on a b o d y 
d iv id e d  b y  its m ass equates its acceleration in  the in e rtia l reference fram e, lead ing to the 
fo llo w in g  e xp ression :
ZF ac =-----
m (190)
T o  d erive  the accele ratio n  o f  the b od y, one can w o rk  through the d e rivatio n  o f  its p o sitio n  into 
v e lo c ity  an d  fro m  v e lo c ity  into acceleration. R ep rese n tin g  the centre o f  m ass o f  the b o d y  b y  C  and 
the centre o f  planet and in e rtia l system  b y  O, the p o sitio n  o f  the v e h ic le  lp c  as it descends tow ards 
the surface o f  the planet can be evaluated as being:
ro c  ~  V o g  ] + I / g c 3 C
(191)
T h e  v e lo c ity  o f  the b o d y  is  obtained b y  d e riv in g  the p o sitio n  equation w ith  respect to time. 
D e riv in g  (1 9 1 )  leads to:
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Vc = [V eY+ i  K J
C h a n g in g  the fram e o f  the tim e d e riv a tiv e  fro m  P to G ,
f c c F + k J + c c r
+ k , p p x [ ' < 7 c ] t
’  0 "
p ~cop'
w here coGP = 0 = 0
/ V 0
and its associated sk ew -sy m m etric  m a trix  is:
co,g ,p
0 ~ 0)p 0
K 0 0
0 0 0
T h e  v e lo c ity  o f  the g e o g ra p h ical fram e is  also  expressed  as
V a Y - [ 'b r,F  =  k ; - F x [ '« , ] '
w here the rad ius R 0g is
toe?]/
RP cos (co ■ t) 
RP s in fy  • t) 
0
Substituting (1 9 6 ) and (1 9 7 )  into (1 9 8 ) g ive s:
-copRP s in (o  -t) 
copRP c o sty -r) 
0
O nce the v e lo c ity  is  k n o w n  the accele ratio n  o f  the craft can be found  w ith  its d erivative:
a c  =
Substituting (195) into (200) leads to the expression of ac such that
(193)
(194)
(195)
(196)
(197)
(198)
(199)
(200)
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ac = V?  L  +  ~j~ iC0G,P X \} GC ]g )
(201)
«C = [% ]P + Wc f  + «>G.P X Rc J } + \ &G,P x [i'gcY  +  {<°G.P x <%.p)x k e f  + ®G,P x [>Gcf
(202)
A ss u m in g  a constant a n g u lar v e lo c ity  o f  the central b o d y  fo r the d uration o f  the s im u la tio n , w e 
ha ve  the co n d itio n  cbGP =  0 and coG P x  coG P -  0 .  H en ce , ac can be s im p lifie d  to
[roof
aC -  k ] P +  [°c F  +  2cog,p x  \ 'c ]° +  ^G.P x {°G,P X k c ] 0 }
T h e  acceleration o f  G  w ith  respect to P is  expressed as:
k r =
and ca n  be s im p lifie d  to:
k  ] -  ®G,P X [rOG ] +a)G,PX VoG ]
(203)
(204)
(205)
k F  -  C0G,P X [VgT  -
— RpCOp sin(<w •/) 
-Rpcoj cos(<»•/) 
0 (206)
B ut[(7Gf  can also be expressed as:
k ]  -  ^ g.p x  (®g.p x  Fog] )
L e a d in g  to the e xp re ssio n  o f  ac :
ac ~ (0g,p x (a>G,p x  k c ] P) +  [°C F  +  2(0G,P x j / 'c ']°  +  aG,P X \°G,P X k c ] 0 }
E x p re s s in g  ac in  B o d y  fram e:
(207)
(208)
k r  -  k . d s -  ( k , r  x  k i  j +  k r  +  x  k f + K , H  x
(209)
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B u t a cco rd in g  to the properties o f  vectors:
F in a lly ,  ac the in e rtia l accele ratio n  o f  the craft is  exp ressed  in  the b o d y  fram e as: 
[ac f  =  [« g  f  +  2 [0>g , p Y  x  t y c  f  +  [® G ,p ]e  x  | » G . p f  x  D b - c f )
(210)
(211)
T o  d erive  the fu ll e xp re ssio n  o f  the equations o f  m otion, one can relate the accele ratio n  o f  the 
b o d y to the forces ap p lie d  to it b y  fo llo w in g  N e w to n ia n  m ech anics. T h u s, it is  n ecessary  to 
d ecom pose the e xp re ssio n  o f  [ac \B into its v a rio u s  com ponents and express them  in  s im p le r term s 
to facilitate  the im plem entation o f  the com putatio nal m odel. T h e  three m a in  terms in  this 
e xp re ssio n  can be defin ed  as fo llo w : [ag]s is the acceleration o f  the b o d y  rela tive  to G ,
l\p jG p ]e x jfty]e is  the C o rio lis  effect, and [coG P]B x ([z»G-P]B x [r0_c ]B) the ce n trifu g al acceleration.
T h e  acceleration o f  C  w ith  respect to G  ca n  be expressed as:
G B itkr-~ d~ dt _ kr- ~ d~ kr+hwNter kr-
w ith
V
w (212)
w here u, v  and w  are the com ponents o f  the v e lo c ity  in  X Bi Y B and Z B, resp ective ly . [aG f  
su bsequ ently  becom es:
(213)
W h e re  [« /J Gf  , the an g ular rate betw een B  and G  w ith  respect to B  can be expressed  as:
a
kr- V
IV
h a ,o f  =[mbm]B + [vhA E
’B.G.
P
B ' - J
(7 —/icos^
r - i s i n J
(214)
(215)
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T h e  C o rio lis  acceleration, A Cor, is  expressed  as
+ . , = 2 k  ,p F ± c0 F
(216)
w here:
k f ]B=W sok T = [ « r W HCk f t
(217)
T h e  com ponent is  d e riv e d  fro m  q uaternion operations and [ft]770 ca lcu la te d  to transform  the 
g e o g ra p h ical fram e into L o c a l H o riz o n ta l through the latitude angle 8  and lon g itud e  an gle  X 
su ch  that:
[R fa =
cos A 0 sin A
sin 8 sin A cos 8 — sin 8 cos A
— cos 8 sin A sin 8 cos 8 cos A (218)
F in a lly , the com ponent [/%,/> ]° , the an g u lar rotation o f  the geo g rap h ical fram e w ith  respect to the 
in e rtia l fram e is  represented as:
[^G,p]C
(219)
D e v e lo p in g  (2 1 8 ) and substituting  into (2 1 7 )  w ith  (2 1 9 ) leads to the fin a l e xp re ssio n  fo r the 
C o rio lis  effects:
k f
(220)
R e c a llin g  equation (2 1 1 ),  the last com ponent to be expressed is  the ce ntrifu g al com ponent, Ace,u 
and is  sh o w n  to equate to:
A:en, =  W ,r Y  x [[®g,p]B x  fro I* )
(221)
w ith
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kr=k"
0
0
- R (222)
w here R  is  the distance betw een the centre o f  the p lan et to the centre o f  the body. Substituting 
(222) into ( 221)  the e xp re ssio n  o f  the ce n trifu g al acceleration is  therefore:
r
'  0 '
J-C ent ~  \f° G ,P  ] X [roGP]D x [r bh 0
\
- R
J
( 2 2 3 )
O nce the v a rio u s  elem ents o f  the e xp re ssio n  h a ve  been derived, it is  p o ssib le  to b u ild  the fu ll 
e xp re ssio n  fo r [fG ]S . R e c a llin g  equations (1 9 0 ) and substituting (2 4 ), (2 9 ) and (3 5 )  into (2 3 ) the 
accele ratio n  o f  the b o d y  w ith  respect to G  e xpressed  in  B  is  therefore
kr-c.n 1® ZF m
k f +k G]s x k f +2 [ * H * r  k , r  >< k f
+k ,p ]  x k P]B x [ /
0
0
- R
( 2 2 4 )
w here kNkoNkr 
2[ « F " [ « r k + x k r
f
' 0 '
11 ^
0
- R_ /
A c ce le ra tio n  rela tive  to G
C o rio lis  effect
C e n trifu g a l effect
N o w  the kinem atics o f  the craft h a ve  been expressed, 3 degrees o f  freedom  have been covered. T o  
com plete the 6D 0F  m odel, it is  ne ce ssary  to d e rive  the e xp re ssio n  o f  the rotational d yn am ics o f  
the craft.
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T h e  com putation o f  E u le r  angles in  the sim u la tio n  can lead to sin g u la ritie s  i f  an y o f  these angles 
is  ±7i 12. S in ce  d u rin g  the e n tiy  and e sp e c ia lly  the term in al descent the attitude angles o f  the craft 
m ay  tend to ± tt/ 2 va lu e , it is  n e ce ssary  to circu m v e n t this potential problem . T o  avo id  
sin g u la rit ie s  in  the ca lcu la tio n  o f  rotational m otion, quaternions w ill  be used. T h e  transform ation 
m atrix  fro m  the H o riz o n ta l fram e to B o d y  in  term  o f  quaternions becom es:
2  2  2 2
2(<?i <72 ~ <7o<?3) 2(</i <73 ~q0q2)
2(<7i<72 + <70<73 )  <7o-<7i2 + <72 “ <732 2(q2q3-q Qqi)
2(<7i <73 ”  <7o<72 ) 2 (q2q3 ±q0qQ q$ - qf -q \  + ql (225)
w here q0, q ls q2, q3 are in itia lis e d  w ith  the E u le r  angles (y5,#,y/) as found  in  references such as in  
R e f. [M c ln n e s  1996; M c ln n e s  2 0 0 1 ; M a th w o rk s 2004]
B y  e xp re ssin g  the rotational tim e d e riv a tive  fro m  the in e rtia l fram e to the b o d y  fram e, the sum  o f  
external torques E M  ap p lie d  on the centre o f  m ass o f  the b o d y  ca n  be expressed as d iscussed  b y  
Z ip fe l [Z ip fe l 2 0 0 1]:
EM = I +®x I  co
dt
(226)
w here co -  \ooB P and I  is  the in e rtia l tensor. B y  iso la tin g  the an gular acceleration term  and 
d eve lo p in g , the equation becom es:
dco
dt
r 1 [em  — (co x /&>)]
(227)
F in a lly , the prop agation o f  the quaternions is  g iv e n  by:
a ,
dt 2
w ith  Q the ske w -sy m m e tric  m a trix  o f  co, w e d e riv e  an e xp re ssio n  fo r •
(228)
% ~ P - q - r 7o
1 P 0 r - q qi
2 q —  r 0 p q 2
r q - P 0 _fh„
(229)
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O nce a ll the kinem atic and d yn am ic com ponents o f  the equations o f  m otions have been expressed, 
it is  p o ssib le  to im plem ent them in  M a tla b /S im u lin k  d ire ctly  under their m atrix form . T h e  
fo llo w in g  F ig u re  65 show s the core o f  the current im plem entation o f  this m odel w here green tags 
are d efined  as inputs, and blue as outputs. T he rela tive , centrifu gal and C o rio lis  com ponents o f  the 
acceleration are h ighligh ted  in  orange.
Aril
F ig u re  270  -  M a tla b /S im u lin k  Im p le m e n ta tio n  o f  the  6 D eg rees o f  F reed o m  ex p ress io n  o f  th e
E q u a tio n s  o f  M otion
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T h e  com putational fra m e w o rk  u ses a nu m ber o f  data d rive n  exp re ssio n s, m a in ly  based on past 
m iss io n  data. R efe re n ces su ch  as the w o rk  o f  E w in g  [E w in g  and E .G  1 9 72 ; E w in g , B ix b y  et al. 
19 78 ] and K n a c k e  [K n a c k e  1992] are cited as the m a in  references in  the fie ld  as they co ve r 
parachute d esign e xte n sively . It  is  h o w e v e r w o rth  m entio ning that these sources, although 
te ch n ica lly  accurate, cannot account fo r the new  developm ents that o ccu rred  in  the fie ld  sin ce  
their p u b licatio n . T o  this end, an in ve stig a tio n  in  the current accepted m od els w as deem ed 
n ecessary to ensure the a c cu ra c y  o f  the designs prod uced  w ith  S P A D E S . T h e  fo llo w in g  w ill  
sum m arise  som e o f  the data used to p ro d uce  a n um ber o f  param etric e xp re ssio n s to size  parachute 
system s
D .l Disk-Gap-Band parachutes
T h e  fo llo w in g  table and fig u re  show s a se le ctio n  o f  recent and concept p lan etary  m ission s. 
Table D-81 -  Planetary Missions Disk-Gap-Band Parachutes Data
V iking H uygens H uygens 
1 2
Huygens3 M PF
Beagle2
pilot
M ER
Cruz-
DG B1*
Cruz-
DG B2*
D iam eter
M ass
Surface
Areal
D ensity
[m]
[kg]
[m2]
[k g /n r]
16.154
43.318
204.961
0.211
2.590
0.638
5.269
0.121
8.300
4 .527
54.106
0.084
3.030
0.751
7.211
0.104
12.740
10.000
127.476
0.078
1.920
0.500
2.895
0.173
15.090
15.600
178.842
0.087
0.192
9.334
44.666
0.159
0.186
9.546
46.454
0.154
Data from Cruz [Cruz, Cianciolo et al. 2005] fo r  comparison only, not used in the development o f  the 
model
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F ig u re  27 1  -  P la n e ta r y  M iss io n s  D isk -G a p -B a n d  P a ra ch u tes  A r e a l D e n s it ie s
A s  m entioned alread y in  chapter 3 , the data fro m  C ru z  appear to p ro v id e  an areal d ensity 
s ig n ific a n tly  w orse than an y past and recent m issio n s. T h is  data w as therefore left aside fo r this 
investigatio n. W ith  the p o o l o f  recent m iss io n  data, the fo llo w in g  e xp re ssio n  can be derived:
T h e  m ass o f  the parachute is:
Mp= Pp *S0 (230)
W h e re  pp, the areal d en sity  is  fo u n d  to be:
pp, = OJ329*S0'°'m9 (231)
T h is  e xp re ssio n  p ro v id e s consistent results o v e r the w id e  range o f  parachute diam eters to w ith in  
10 %  o f  the b u ilt  co n fig uratio n s. H o w e v e r, fo r the sm allest parachute diam eter, the B e ag le  2 p ilo t 
chute (B 2 ), the e xp re ssio n  appears to p ro v id e  a parachute m ass to w ith in  4 0 %  o f  the constructed 
parachute. In  co m p ariso n , the m ass o f  the H u y g e n s 1 parachute, w h ich  is o n ly  m a rg in a lly  b ig g e r 
than the B e a g le  2 p ilo t, is  a lso  w ith in  the 10 %  e rror m argin. T h e  error o n  the B 2  chute can 
therefore be attributed to either d ifferen t m an u factu rin g  processes o r the a c cu ra c y  o f  the m ass 
g iv e n  in  the literature that m ay  in c lu d e  ad d itio n a l elem ents su ch  as straps o r deploym ent bags. 
T h is  m ay be also  true fo r the results fro m  C ru z. A l l  in  a ll, fo r the current range o f  parachute 
con sidered , this m od el estim ates the m ass o f  the parachute w ith  su ffic ie n t details.
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D.2 Ringsail parachutes
S im ila rly  to the D G B  parachutes, the data fo r the rin g sa il con fig u ratio n s are presented in the 
fo llo w in g  table and figure.
T a b le  D -82 -  P la n eta ry  M iss io n s  R in g sa il P a ra ch u tes  D ata
A
ss
et sO1LL)
M
er
cu
ry
E-
5
Sa
m
m
os
G
em
in
i
A
po
llo
C
en
tu
ry
20K
 
11
Xo<N EE
LV
K1
 O
rb
ite
r
Be
ag
le 
2
D [m] 9.02 12.50 19.20 22.62 25.66 26.09 39.26 56.02 57.79 41.45 47.55 10.00
Mass [kg] 6.35 10.89 25.13 33.11 45.81 47.81 93.44 246.76 252.66 61.24 104.33 2.72
Surface [m 2] 64 123 290 402 517 535 1210 2465 2623 1350 1776 79
Areal
Density [kg/m 2] 0.0993 0.0888 0.0868 0.0824 0.0886 0.0894 0.0772 0.1001 0.0963
0.0454 0.0588 0.0346
Note: Data compiled from [Ewing and E G  1972; Ewing, Bixbyet al. 1978; Knacke 1992; Delurgio 1999]
F ig u re  272 - P la n eta ry  M issio n s R in g sa il P a ra ch u tes A rea l D en sities
F ro m  the data presented above, the areal density is  found to average 0.095 k g /m ' for m ost o f  the 
past m issio n s. N e w  m issio n s such as the B eagle2, B o e in g  E v o lv e d  E xp an d a b le  L a u n ch  V e h ic le  
( E E L V )  and the K 1 orbiter parachute system s have a s ig n ifica n tly  lo w e r areal density rang in g 
from  0 .0 34 6  to 0.0 58 8 kg /m 2.
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D.3 Mortar System Mass
T h e  m asses o f  the m ortar system  have been co m p ile d  from  the Past M is s io n  D atabase and have 
been su m m arized  in  the table below .
T a b le  D -83  -  M o rta r  D ata  fro m  P ast M issio n s
Planetary Missions Earth Bound Operation
MPF MER Huygens Viking Beagle2 Apollo Gemini Mercury
Mass Mortar [kg] 7.6 7.4 5.6 9 1.05 4 2.26 1.36
Mass Parachute [kg] 10 15.6 4.527 47 0.5 9.07 4.53 3.17
T w o  trends can be seen in  the fo llo w in g  fig ure belo w : Earth bound m issio n s have different m ortar 
requirem ents com pared to the average plan etary m issio n  that need h e avie r m ortars. F o r  the 
purpose o f  this study, o n ly  the p lan etary m issio n s w ere used to d erive  an e xp re ssio n  for the m ortar 
m ass such that:
M m = 1.951n(AS,) + 2.35
(232)
w here M m the m ass o f  the deploym ent system  and M p the m ass o f  the parachute are expressed in 
kg. T he m asses d erived  from  this e xp re ssio n  have been found to be w ith in  10%  o f  the constructed 
deploym ent system s m asses o f  the m issio n s fo r w h ich  data co u ld  be sourced as show n in  the 
fo llo w in g  figure.
Parachute Mass [kg]
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Figure 273 -  Mortar Sizing for a Number of Earth and Planetary Missions and Comparison with the
Proposed Parametric Expression
T h is  short section has presented som e o f  the data used  in  the developm ent o f  the param etric 
exp re ssio n s to size  both the parachutes and m ortar system s. F o r  m ost o f  the co n fig u ra tio n s, the 
error m argins fo r these m o d els are w ith in  10%  o f  the experim ental data, and h ave therefore been 
su bsequently  im plem ented in  the S P A D E S  fram ew ork.
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Appendix E - Atmospheric Datasets
H ereafter are presented the datasets used in  C hap ter 5 to investigate the effect o f  the low -density  
on the E D L S  perform ance at sp e cific  altitude range.
E.l - Dataset 1: High to Medium Altitude variability
In  the high altitude le ve l betw een the atm ospheric interface at 125 km  d ow n to the 45 km  m ark, 
the entry and the b u lk  o f  the aerod yn am ic b ra k in g  takes place. It is therefore o f  interest to 
understand the effects, i f  any, o f  the variatio n  o f  den sity on the w h o le  E D L  sequence. T w o  m odels 
have been selected that show s a m arked d ifferen ce in  high altitudes, C o ld -S m in -9 0 -0  and D ust- 
S m a x -3 0 0 -0  as show n F ig u re  2 74 .
F igu re 27 4  - H igh  A ltitu d e  V a r ia b ility  - A tm o sp h er ic  M od els
D espite the re la tiv e ly  b ig  gap betw een the two p ro file s in F ig u re  2 74 , one sh o u ld  be rem inded o f  
the log scale used for the density. A t its peak, the greatest variatio n  in  d ensity is  about 5 .2 7 E -5  
kg /m 3. R u n n in g  the E D L  scen ario  w ith  both atm ospheric m odels leads to the results presented in 
the fo llo w in g  T a b le  E - 84, and F ig u re  2 75  to F ig u re  2 78 .
T a b le  E- 84  - H igh  A ltitu d e  V a r ia b ility  - S im u la tio n  R esu lts
M odel
Dust-Sm ax-300-0
1
Cold-Sm in-90-0
3
Delta
Tim e Peak HR 84.97 97 -12.40
Peak HR 30.37 34.97 -13.15
Alt Peak HR 47161 36861 27.94
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Tim e Peak g 104.96 113.39 -7.43
Peak g 6.53 9.497 -31.24
Altitude peak g 34561 26929 28.34
Peak Dyn press 2852 4127.6 -30.90
Altitude Peak Dyn Press 34561 36861 -6.24
Tim e Dyn Press 104.96 113.39 -7.43
D rogue Deploy T im e 200 193.02 3.62
Drogue deploy V 315 291 8.25
Drogue Deploy alt 8645 8312 4.01
Drogue Deploy D ynpress 313.1 293.29 6.75
Drogue Deploy M ach 1.374 1.367 0.51
Para Deploy T im e 241.11 233.12 3.43
Para deploy V 133.79 129.84 3.04
Para Deploy alt 3037 3144.24 -3.41
Para Deploy D ynPress 94.62 90.41 4.66
Para Deploy M ach 0.588 0.588 0.00
Landing Tim e 490.84 485.37 1.13
Landing V 19 19.4 1.21
Landing Alt -2672 -2668 0.15
Landing Lat 4.837 5.11 -5.34
Landing Long 149.91 150.11 -0.13
100 200 300 400
Time [s]
Du st_S m ax_300_0 
 Cold_Smin_90_0
F ig u re  2 7 5  -  H igh  A ltitu d e  V a r ia b ility  -  
D ece le ra tio n  T im e lin e
F ig u re  276  - H igh  A ltitu d e  V a r ia b ility  -  
D ece le ra tio n  P rofile
115000
95000
75000
£
1  55000
<
15000
-5000
0 2 4 6
Deceleration [g]
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H eat R a te  [W /cm2]
F ig u re  277  - H igh  A ltitu d e  V a r ia b ility  -  H eat  
R ate P rofile
15000
13000 r  
11000 
9000 
7000
S  5000 
3000 
1000 
-1000 
-3000
Cold_Smin_90_0 
Dust Smax 300 0
E ven t Number
F ig u re  2 78  -  H igh  A ltitu d e  V a r ia b ility  -  
A ltitu d e  o f  E D L S  E vents:
1-D ro g u e , 2- M ain , 3 -  H ea tsh ie ld  re lea se
F.2 - Dataset 2: Medium-to-Low Altitude Variability
T o  investigate the effects on the den sity at m id  to lo w  altitude le v e ls, the M G S -D u s t-M C D  and 
D u st-S m a x -30 0 -6 0  have been selected as they p ro vid e  a m arked density variatio n  from  the 
m edium  to the lo w e r la y e r as show n F ig u re  279 .
09 08 07 06 05 04 03 02 01
Density [kg/mA3]
F igu re 27 9  -  M ed iu m  A ltitu d e  V a r ia b ility  -  A tm o sp h er ic  M od els
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T a b le  E - 85  - M ed iu m  A ltitu d e  V a r ia b ility  - S im u la tio n  R esu lts
D ust-Sm ax-300-60 M GS Dust MCD
M odel 2 5
Tim e Peak HR 101 89.2477 13.17
Peak HR 29.87 34.64 -13.77
Alt Peak HR 34434 43407 -20.67
Tim e Peak g 121.09 103.98 16.46
Peak g 7.458 8.249 -9.59
A ltitude peak g 22735 34250 -33.62
Peak Dyn press 3246.96 3589.92 -9.55
A ltitude Peak Dyn Press 22735 34250 -33.62
Tim e Dyn Press 121.09 103.98 16.46
Drogue Deploy T im e 198 190.02 4.20
Drogue deploy V 255 308.87 -17.44
Drogue Deploy alt 5050.48 12375 -59.19
Drogue Deploy Dynpress 319.51 302.29 5.70
D rogue Deploy Mach 1.362 1.375 -0.95
Para Deploy T im e 230 231.59 -0.69
Para deploy V 109 133.18 -18.16
Para Deploy alt 1600 6778.94 -76.40
Para Deploy D ynPress 95.85 93.25 2.79
Para Deploy M ach 0.59 0.589 0.17
Landing T im e 453.52 695.33 -34.78
Landing V 15.62 17.271 -9.56
Landing Alt -2620 -2704 -3.11
Landing Lat 5.35 4.69 14.07
Landing Long 150.28 149.81 0.31
T h e  T a b le  E - 85 above co m p ile s the s im u la tio n  results and the fo llo w in g  F ig u re  2 80 to F ig u re  283 
illustrate som e o f  the k e y  aspects o f  the E D L  sequence.
F ig u re  28 0  - M ed iu m  A ltitu d e  V a r ia b ility  - F ig u re  281 - M ed iu m  A ltitu d e  V a r ia b ility  - 
D ece le ra tio n  T im e lin e  D ece le ra tio n  P ro file
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F ig u re  282  - M ed iu m  A ltitu d e  V a r ia b ility  
H eat ra te  P ro file
15000
13000
11000
9000
£  7000 
■o
M 5000 <
3000
1000
-1000
-3000
I ]
----- Dust_Smax_300_60
------MGS Dust Scenario
__
E ven t N u m b e r
F ig u re  283  - M ed iu m  A ltitu d e  V a r ia b ility  -  
A ltitu d e  o f  E D L S  E vents: 1 -D ro g u e , 2 - M ain , 
3 -  H ea tsh ie ld  re lea se
E.3 - Dataset 3: Mid-atmosphere cross-over
T o  investigate high altitude variatio n s and in  p articu lar the effect o f  d en sity  “ cro ss-o ve r”  at 
m ed ium  altitude, the D u st-S m a x -30 0 -6 0  and C o ld -S m in -9 0 -0  have been selected. A s  show n 
F ig u re  284, the h ig h -d e n sity  p ro file  crosses o ve r at around 4 5km  to becom e the lesser den sity and 
re cip ro ca lly . T hese p ro file s  w il l  supplem ent the data from  the p re v io u s datasets in  iso la tin g  the 
respective im pact o f  the high and m edium  atm ospheric layers properties.
Density [kg/mA3)
Figure 284 -  Mid- Atmosphere Cross-Over -  Atmospheric Models
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T a b le  E- 86  -  M id -A tm o sp h e r e  C r o ss-O v e r  - S im u la tio n  R esu lts
D ust-Sm ax-300-60 C old-Sm in-90-0
M odel 2 3
Tim e Peak HR 101 97 4.12
Peak HR 29.87 34.97 -14.58
Alt Peak HR 34434 36861 -6.58
Tim e Peak g 121.09 113.39 6.79
Peak g 7.458 9.497 -21.47
A ltitude peak g 22735 26929 -15.57
Peak Dyn press 3246.96 4127.6 -21.34
Altitude Peak Dyn Press 22735 36861 -38.32
Tim e Dyn Press 121.09 113.39 6.79
Drogue Deploy T im e 198 193.02 2.58
D rogue deploy V 255 291 -12.37
Drogue Deploy alt 5050.48 8312 -39.24
Drogue Deploy D ynpress 319.51 293.29 8.94
Drogue Deploy Mach 1.362 1.367 -0.37
Para Deploy T im e 230 233.12 -1.34
Para deploy V 109 129.84 -16.05
Para Deploy alt 1600 3144.24 -49.11
Para Deploy DynPress 95.85 90.41 6.02
Para Deploy Mach 0.59 0.588 0.34
Landing T im e 453.52 485.37 -6.56
Landing V 15.62 21.47 -27.25
Landing Alt -2620 -2668 -1.80
Landing Lat 5.35 5.11 4.70
Landing Long 150.28 150.11 0.11
F ig u re  285 - M ed iu m  A ltitu d e  C r o s s-o v e r  - 
D ece le ra tio n  T im elin e
F ig u re  286  - M ed iu m  A ltitu d e  C r o ss-o v e r  - 
D ece le ra tio n  P ro file
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Figure 287 - Medium Altitude Cross-over 
Heat Rate Profile
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Figure 288 - Medium Altitude Cross-over - 
Altitude of EDLS Events: 1-Drogue, 2- Main, 
3- Heatshield release
E.4 - Dataset 4: Low Altitude Density Variation
To isolate the effects o f the lower atmosphere on the EDL system and sequence, the MER1 and 
MCD MGS Dust models have been selected as they share the same characteristics for most of the 
high and medium layers while showing a relatively constant density difference for the lower layer, 
as shown Figure 289. Figure 290 shows a close up o f these models on the lower layer.
Figure 289 - Low Altitude Density Variability - 
Atmospheric Models (density Log scale)
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Figure 290 - Low Altitude Density Variability 
Atmospheric Models Close-Up (No log scale)
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The resulting simulation data is presented in the following Table E- 87.
Table E- 87 -  Low Altitude Variability - Simulation Results
MER1 M GS Dust M CD
M odel 4 5
Tim e Peak HR 92 89.2477 3.08
Peak HR 33.02 34.64 -4.68
Alt Peak HR 43948.7 43407 1.25
Tim e Peak g 107.96 103.98 3.83
Peak g 7.8782 8.249 -4.50
Altitude peak g 33954 34250 -0.86
Peak Dyn press 3429 3589.92 -4.48
A ltitude Peak Dyn Press 33954 34250 -0.86
Tim e Dyn Press 107.96 103.98 3.83
Drogue Deploy T im e 202.5 190.02 6.57
D rogue deploy V 310.51 308.87 0.53
D rogue Deploy alt 9323 12375 -24.66
D rogue Deploy D ynpress 308.06 302.29 1.91
Drogue Deploy Mach 1.37 1.375 -0.36
Para Deploy T im e 243.21 231.59 5.02
Para deploy V 133.77 133.18 0.44
Para Deploy alt 3725 6778.94 -45.05
Para Deploy D ynPress 93.05 93.25 -0.21
Para Deploy M ach 0.59 0.589 0.17
Landing T im e 516.45 695.33 -25.73
Landing V 21.72 17.271 25.76
Landing Alt -2653 -2704 -1.89
Landing Lat 5.07 4.69 8.10
Landing Long 150.08 149.81 0.18
Time [s]
Figure 291 - Low Altitude Variability 
Deceleration Timeline
Figure 292 - Low Altitude Variability 
Deceleration Profile
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Figure 293 - Low Altitude Variability -  Heat 
Rate Profile
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Figure 294 - Low Altitude Variability - 
Altitude of EDLS Events: 1-Drogue, 2- Main, 
3- Heatshield release
E.5 - Dataset 5: Constant Low Density Profile
In addition to the datasets presented before, the final dataset is based on 3 atmospheric models 
that exhibit a constant lower density at all altitudes. ‘Constant’ is understood here as being always 
below the highest density profile and with a similar slope. In increasing density order, these 
models are the MCD ESA 2013, the M24_avg_300-0 and the MCD MGS Dust as shown in the 
following
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Table E- 88 -  Low Density Profiles - Simulation Results
M 24-A V -300-0 M GS Dust MCD MCD ESA 2013 Delta Delta
M odels 0 5 6 0/5 0/6
Tim e Peak HR 92 89.2477 96.41 3.08 -4.57
Peak HR 33.56 34.64 34.86 -3.12 -3.73
Alt Peak HR 41205 43407 37667 -5.07 9.39
T im e Peak g 108 103.98 109.49 3.87 -1.36
Peak g 7.8353 8.249 8.59 -5.02 -8.79
A ltitude peak g 31279 34250 29631 -8.67 5.56
Peak Dyn press 3411 3589.92 3738.77 -4.98 -8.77
A ltitude Peak Dyn Press 31279 34250 29631 -8.67 5.56
Tim e Dyn Press 108 103.98 109.49 3.87 -1.36
D rogue Deploy T im e 196 190.02 196.41 3.15 -0.21
D rogue deploy V 307 308.87 304.7 -0.61 0.75
D rogue Deploy alt 9015 12375 7965 -27.15 13.18
D rogue Deploy Dyn. press 301.9 302.29 296.7 -0.13 1.75
D rogue Deploy Mach 1.369 1.375 1.369 -0.44 0.00
Para Deploy T im e 236.1 231.59 237.51 1.95 -0.59
Para deploy V 136.36 133.18 135.09 2.39 0.94
Para Deploy alt 3579 6778.94 2416.6 -47.20 48.10
Para Deploy Dyn. Press 93.08 93.25 90.48 -0.18 2.87
Para Deploy Mach 0.595 0.589 0.58 1.02 2.59
Landing T im e 506 695.33 446.73 -27.23 13.27
Landing V 19.77 17.271 21.281 14.47 -7.10
Landing Alt -2692 -2704 -2664 -0.44 1.05
Landing Lat 4.94 4.69 5.06 5.33 -2.37
Landing Long 149.98 149.81 150.07 0.11 -0.06
Figure 297 -  Constant Low Density Profiles - 
Deceleration Timeline
115000 
95000 
75000
¥
= 55000 
35000 
15000 
-5000
0 2 4 6 8 10
Deceleration [g]
Figure 298 - Constant Low Density Profiles - 
Deceleration Profile
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Heat Rate [W/cm2]
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Figure 299 - Constant Low Density Profiles 
Heat Rate Profile
Figure 300 - Constant Low Density Profiles -  
Altitude of EDLS Events: 1-Drogue, 2- Main, 
3- Heatshield release
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Appendix F
Aeroshell
Aftbody/ Afterbody
Airbags
Airwall
Angle of attack
Backshell
BC/ Ballistic Coefficient
Ballute
Drag Base
Coefficient
Friction
Pressure
W ake
Fligh-path angle
Forebody
Gravity-turn
Heat flux Conductive
Convective 
Radiative
Heatshield
- Glossary
A erodynam ic shell used  to  p rotect and provide the aerodynam ic shape o f  the 
probe during  th e  entry phase. It com prises the H e a tsh ie ld  and the B a ckshell. 
See page 9
See B a c k s h e ll and page 9
Im pact a ttenuator u sing  inflated volum es to cushion the im pact. T hese can be  
spherical (B egale2), tetrahedral (M ars Pathfinder), toroidal and can either be 
c losed (bouncing  type) or vented (no rebound). See page 18
Inflatable structure  used fo r the  entry and descent w here adjacent tori provide 
a s tiff  aeroshell structu re  com pared to tension shell structures. See page 93
R epresent the angle betw een the  flow  and the m ain axis o f  the probe. A n 
entry w ith  an angle o f  a ttack  o f  zero is ballistic. See page 7
It shields the back o f  the  probe during entry, and houses the d ro g u e  parachute 
and its m o rta r  should  they be  used in the E D L sequence. See page 9
D efined as M /(C DA), it represents the m ass o f  the  p robe (M) over its drag 
area (C DA). Low BC objects w ill slow  aerodynam ically  quicker than h igh  BC 
ones.
F rom  B alloon and Parachute. A nother nam e for Inflatable B raking devices. 
See page 14
N oted C do'- the base drag  coefficient represent the  loss in recovery o f  pressure 
at the  base o f  the body. See page  71
N oted C D: describes the characteristic  am ount o f  aerodynam ic drag  generated  
by a particu lar shape. See page 71
N oted C Df. describes the drag  coefficient due to skin  friction  as the fluid 
passes over the body. See page 71
N oted C Dp: is the p ressure  induced drag coefficient generated by the 
in teraction  o f  the  aeroshell w ith the incom ing flow. See page 71
N oted C Dw: it represents the  drag induced by the  w ake  o f  the body. See page 
71
N oted  as fpa o r y, it represents the angle from  the local horizontal to  the m ain 
axis o f  the probe. U sually  reffered  to as a negative angle.
See H e a tsh ie ld
Propulsive descen t m aneuver consisting  o f  aligning the th rust vector w ith the 
velocity  vector. See page 134
H eat transfer through the m aterials
H eat transfer through the  fluid/flow
H eat transfer through therm al radiations
Protective shell at the  front o f  the probe that shields it from  the therm al loads 
during  entry and prov ide the frontal aerodynam ic shape. It is usually  covered 
in therm al pro tection  system  (TPS). See page 9
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Inflatable structures
Parachute Drogue
Parachute Main 
(contd.)
Mortar
Stabiliser 
Rankine (degrees) 
Skip-out angle 
Stagnation Point
In the context o f  this w ork , the term  is reffering  to Inflatable b raking D evices 
that prov ide aerodynam ic braking o f  the probe during the  entry and the 
descent. See page 92.
Sm all parachu te  usually  release at supersonic speed to in itiate the parachute 
sequence and slow  the vehicle to a suitable speed to  release the m ain  
p a ra ch u te. See page 85
Parachute that can be either supersonic (M ars Pathfinder) or Subsonic 
(B eagle2) dealing w ith  the bulk o f  the aerodynam ic deceleration  during the 
descent phase. See page 85
D eploym ent System  to e ject a parachute aw ay from  the probe in a clean 
airflow . U sually  used  to  eject the drogue parachute  w hile the  probe travels at 
supersonic speed. See p age  14
Sm all parachute intended to stabilise the probe and keep it upright. It does 
not to p rov ide the m ain deceleration  force. See page 212
A  therm odynam ic tem peratu re  scale w here °R =  °K  x 9/5, °C ~  °R x 5/9 - 
273.15
Flight path  angle for w hich  the trajectory will bounce o f f  the atm osphere and 
w ill not result in  a touch-dow n. See page 171
Location  on  the aeroshell w here the incom ing flow  com es to  a stop. A t this 
location  the heat fluxes and dynam ic pressure will reach  their m axim um  
during the  entry. See page  10
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